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ABSTRACT 
 
This study was carried out for three consecutive seasons (202-2004) to investigate 
the effects of nine land management systems (LMS) involving Acacia senegal (Ar. 
Hashab), on soil nutrient balances at El Demokeya site (13º 16´; 39º 29´ Alt. 560 
m) in North Kordofan State Sudan. 
The LMS comprised of Acacia senegal at high- (HD 433 tree ha-1) and low-tree 
density (LD 266 tree ha-1) intercropped with sorghum (HD+S; LD+S), roselle 
(HD+R; LD+R), and natural grasses (HD+G; LD+G), compared to pure systems of 
sorghum (PS), roselle (PR) and grasses (PG). The treatments were arranged in a 
randomized complete block design (RCBD), using three replications.  
The overall objectives were: (1) to contribute to better understanding of nutrients 
status and dynamics under A. senegal tree-based systems compared to pure 
cropping, and (2) to demonstrate an approach and methodology for an on-station 
assessment of the nutrient flows, pathways and balances of C, N, P and K. The 
specific objectives were to investigate (1) the effects of LMS on soil properties at 
0.3 and 0.6 m soil depths; nutrient stocks at 0.3m depth; crop yields and biomass, 
(2) the effects of LMS and cropping seasons on the input and output flows, 
pathways and balances of C, N, P and K, (3) the effects of LMS on soil nutrient 
stocks to determine their contribution to soil nutrient depletion, and (4) the impact 
of variations in input and output parameters on the resulting nutrient balances to 
determine sensitivity of the   
Nutrients flows and balances at LMS and cropping season levels were quantified 
and calculated according to the nutrient-balance model, a research tool that 
quantifies nutrient gains and losses from a system to determine the net nutrient 
balance. The balances at LMS and cropping season levels were calculated from a 
combination of three inputs and four outputs flows. The inputs flows were organic 
matter (IN2), atmospheric deposition (IN 3), and biological N-fixation (IN 4). The 
outputs flows were nutrients in harvested products (OUT1), removals in crop 
 
 
 
 
 
residues (OUT 2), removals in leaching (OUT 3), and removals in erosion 
(OUT4).  
The values of the input and output flows were obtained through a combination of 
different methods: (1) field measurement, (2) use of empirical quantitative 
relations (i.e. transfer functions), and (3) assumptions based on secondary data 
from a variety of sources.  
The results revealed that LMS had discernable and significant effects on soil 
particles distribution, chemical properties and nutrient stocks. Soil properties were 
noticeably ameliorated under tree-based systems at uppermost soil layer (0.3 m) 
compared to pure crop systems.  
With exception of silt contents, significantly affected soil particle size included: 
coarse sands and fine sands, clay contents and clay ratio. Lower CS (40%), higher 
FS contents (50-52%) and clay contents (3.8-4.5%) were soils under systems at 
high-tree density (HD), followed by systems at low density (LD). The reverse was 
true for pure cropping. The contents of fine sand plus silt to clay (clay ratios) were 
significantly higher in soils under pure cropping (26-34) and lower in tree-based 
systems (13-16). 
Significantly affected chemical properties included: N, OC and C/N ratios. 
Considerably, the highest N contents (0.023%) were in soils under roselle systems 
at HD (HD+R). The highest OC contents (0.122%) were in soils under pure 
grasses (PG), and the highest C/N ratios were in all pure cropped systems (19-44).  
The interaction between LMS and soil depth had significant effects only on coarse 
(CS) and fine sands (FS) contents. Overall, higher CS contents were found in soils 
under all LMS at lower soil depth (0.6 m), while higher FS contents at the 
uppermost soil layer 0.3 m. No significant differences in soil particles size 
distribution between the two soil layers, but OC content was significantly higher at 
the uppermost soil layer (0.3m). 
The effects of LMS on nutrient stocks were only significant for N. The stocks of N 
were highest in all intercropped systems and lowest in pure crops. The stocks 
ranged from 938 to 1080 kg ha-1 under intercropped systems at HD, from 840 to 
 
 
 
 
 
953 kg ha-1 under intercropped systems at LD, and from 452 to 635 kg ha-1 under 
pure crops. 
Sorghum grains yields, stover and total dry matter production were not 
significantly different within systems, but were slightly higher in intercropped 
systems at LD (LD+S). Similarly, roselle yield components were not significantly 
different within systems, but higher calyx yields were obtained in pure roselle 
(PR), while higher dry matter was obtained in systems at HD (HD+R). Mean dry 
matter of grasses was significantly higher in systems at HD (HD+G), intermediate 
in LD (LD+G) and lower in pure grass (PG).  
The effects of cropping seasons on crop yields and biomass were highly 
significant. Higher yields were obtained in the second season because the rainfall 
amounts and distribution were favorable for crop growth and yields. All yield 
components of the crops were significantly affected by tree density and cropping 
seasons. 
Dry biomass production per tree was not statistically different between all 
intercropped systems irrespective of crop type and tree density, but was slightly 
higher at LD (69-77 kg tree-1) compared with HD (62-66 kg tree-1). The results 
showed that at the research site Acacia senegal at age of 15 years accumulated 
biomass averaging 77 kg tree-1 at cross-sectional area (CSA) amounting to 145 
cm2, with 65 kg of these were partitioned to aboveground structure and about 12 
kg to belowground structure. 
Leaf and fine root dry matter production per tree was not statistically different 
between systems at HD and LD. Average amounts of leaf dry matter ranged from 
10 to 12 kg tree-1, while fine root biomass was almost similar in both tree densities 
averaging 3 kg tree-1. 
The effects of LMS on gum yields per tree were not significant. Though not 
significant, the highest production per tree was obtained from a combination of 
roselle with trees at LD (LD+R) amounting to 0.69 kg tree-1. Expectedly, gum 
yields per ha were significantly higher in LMS at HD compared with systems at 
 
 
 
 
 
LD. The highest gum yield per ha was obtained from a combination of sorghum 
with trees at HD amounting to 217 kg ha-1. 
Nutrients inflows and outflows of C, N, P and K were significantly influenced by 
LMS. Inflows were significantly higher in tree-based systems, while outflows were 
significantly higher in pure cropping. These variations seemed to be caused by 
variability in input and outputs pathways as a consequence of crop types, tree 
density, climatic conditions and level of management. Overall, the results revealed 
that the majority of nutrients inputs and outputs pathways in the different LMS 
were tied to tree biomass, crop residues and grass, or a combination of them. 
Cropping seasons had significantly affected nutrient outputs flows. The output 
flows were considerably higher in the second (2003) and the third (2004) seasons 
indicating higher nutrient removal as a result of large crop harvest in these seasons. 
The contributions of crop roots and atmospheric deposition to N, P and K inflows 
were insignificant. Similarly, gum yield had insignificant contribution to both N 
and K outflows in tree-based systems. In general, nutrients accumulations under 
tree-based systems were significantly depended on tree density, type of crops and 
levels of management (harvested parts).  
Average “most probable” nutrient balances were negative for all nutrients in pure 
sorghum (PS) and pure roselle (PR). The balances were -2322, -51, -13 and -57 kg 
ha-1 yr-1 for C, N, P and K, respectively, in PS, and -1351, -43, -23 and -47 kg ha-1 
yr-1 in PR. In pure grass (PG) the balances were negative for C  and K, positive for 
N and neutral for P, with corresponding means amounting to -368,-2, 6 0.0 kg ha-1 
yr-1, respectively. 
In intercropped sorghum (HD+S) the balances were positive for C, N, K and 
neutral for P with means amounting to 1397, 265, 30 and 0.0 kg ha-1 yr-1, 
respectively. In intercropped sorghum (LD+S) the balances were positive for C 
and N, but negative for K and P with means amounting to 39, 157, -1 and -5 kg ha-
1 yr-1, respectively. In intercropped roselle (HD+R) the balances were positive for 
C, N and K, but negative for P with means amounting to 1717, 255, 3 and -24 kg 
ha-1 yr-1, respectively. In intercropped roselle (LD+R) the balances were positive 
 
 
 
 
 
for C and N, but negative for K and P with corresponding means amounting to 
488, 124, -21 and -24 kg ha-1 yr-1, respectively. In intercropped grasses the average 
balances for all studied nutrients were positive, but balances were higher in 
systems at HD (HD+G) compared with that at LD (LD+G). 
Cropping seasons had significant effect on average nutrients balances. With 
exception of N, which had positive balances in the three seasons, C had positive 
balances amounting to 1424 and 406 kg ha-1 yr-1, in the first and third seasons, 
respectively, but negative balances in the second season (-488 kg ha-1 yr-1). The 
average balances for P were positive in the first season, but negative in the second 
and third season with means amounting to 5, -19 and -10 kg ha-1 yr-1, respectively. 
Potassium balances were positive in the first season (37 kg ha-1 yr-1), negative in 
the second (-27 kg ha-1 yr-1) and neutral in the third (0.0 kg ha-1 yr-1).  
Results of nutrients balances relative to the stocks showed that amongst the LMS, 
the stocks of the studied nutrients were significantly depleted under pure crop 
systems. Carbon stocks were mined by up to -49%, -27% and -6% in (PS), (PR) 
and (PG), respectively. Nitrogen stocks were mined by -11% and -7% in (PS) and 
(PR), while there was 1% gains in (PG). Potassium stocks were mind by up to -
26%, -24% and -1% in (PS), (PR), and (PG), respectively. Phosphorous stocks 
were mined by -30 in (PS) and by -109% in (PR), but neutral 0.0% in (PG). 
In intercropped systems the patterns of depletion or accretion of a particular 
nutrient were variable depending on type of crop, tree density, amount of dry 
matter produced and their nutrient concentrations. In intercropped sorghum at HD 
(HD+S) there was accretion by 30%, 28% and 11% for C, N, and K, while P was 
neutral. In intercropped sorghum at LD (LD+S) there were accretion by 1% and 
16% for C and N, whilst P and K were depleted by -42% and -43%, respectively. 
In intercropped roselle at HD (HD+R) there was accumulation by 42%, 24% and 
1% for C, N and K, whilst P was depleted by -118%. In roselle at LD (LD+R) 
there was accumulation by 9% and 14% for C and N, but P and K were depleted 
by -100% and -9%, respectively. In intercropped grass systems there was build up 
 
 
 
 
 
for all nutrients, but the accretion were higher in systems at HD compared with 
that at LD. 
Sensitivity analysis indicated that land use sustainability of pure cropping is under 
threat from high negative “Average”, “Optimistic” and “Pessimistic” balances of 
all nutrients under study. This indicates that the nutrients balances in these systems 
are sensitive to crop yields and the amounts of biomass leaving these systems.  
In intercropped systems, land use sustainability is under threat from high negative 
balances of P and K and to a lesser degree of OC. At low yield levels “Optimistic”, 
the balances of P are of substantial concerns for all intercropped roselle systems. 
But at high yield levels “Pessimistic” the balances of both P and K are of much 
concern in intercropped sorghum and roselle at both tree densities, whilst that of C 
is of greater concern in systems at LD.  
Overall, the nutrient balances in all LMS were largely determined by the amount 
brought in, by major input pathways and the amount removed by crop products 
and other losses pathways. Generally, all LMS under study are low-input systems; 
hence, nutrient application from outside the systems must be taken into 
consideration to sustain the long-term productivity. 
The study demonstrated an approach and methodology for planning and assessing 
nutrient flows and balances for the first time in Sudan, which can be applied to 
other systems in the region or in the country at large. In spite of the diagnostic 
nature of the study, it demonstrated that the balances serve to identify the 
important nutrients flows and pathways and can be used as indicators for land use 
sustainability and as a tool in nutrient management within farms. 
It is recommended that further research is needed to improve the understanding of 
nutrient status and dynamics and to quantify long-term losses and how these losses 
will be affected by the original nutrient stocks, climate inconsistency and precise 
land use. Knowledge of the nutrient cycling characteristics of different land 
management systems will help in choosing management strategies to conserve and 
maintain the nutrients of pertinent systems.  
 
 
 
 
 
The results underline the importance of careful incorporation of socio-economic 
factors with biological data to diagnose and monitor soil degradation in the study 
area. The data obtained should be used to tailor appropriate interventions 
conforming to biophysical environments and the farmers’ socio-economic 
backgrounds to improve soil fertility.  
 
Key words: Acacia senegal, Agroforestry, land management systems, land use 
sustainability, soil properties, nutrient pathways and balances (modeling), 
sorghum, roselle, grass, dryland, sandy soils, North Kordofan, Sudan. 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ﺍﻟﻤﺸﺘﻤﻠﻪ ﻋﻠﻲ ﺃﺸﺠﺎﺭ ﺍﻟﻬﺸﺎﺏ ﻓﻲ  ﺘﻭﺍﺯﻥ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﻪ ﻓﻲ ﻨﻅﻡ ﺍﻟﺯﺭﺍﻋﻪ ﺍﻟﺘﻘﻠﻴﺩﻴﻪ
  ﺃﻟﺴﻭﺩﺍﻥ، ﺍﻷﺭﺍﻀﻲ ﺍﻟﺭﻤﻠﻴﻪ  ﻓﻲ ﺍﻟﻤﻨﺎﻁﻕ ﺍﻟﺠﺎﻓﻪ ﺒﺸﻤﺎل ﻜﺭﺩﻓﺎﻥ
  
  :ﻤﻠﺨﺹ ﺍﻟﺩﺭﺍﺴﻪ
ﺴﺔ ﻟﻠﺘﺤﻘﻕ ﻤﻥ ﺘﺎﺜﻴﺭ ﺘﺴﻌﻪ ﻨﻅﻡ ﻷﺩﺍﺭﻩ ﺃﻷﺭﺽ ﺍﻟﻤﺸﺘﻤﻠﻪ ﻋﻠﻲ ﺃﺸﺠﺎﺭ ﺍﻟﻬﺸﺎﺏ ﻋﻠﻲ ﺃﺠﺭﻴﺕ ﻫﺫﻩ ﺍﻟﺩﺭﺍ
 92"،  ﺵ 31 ْ61)"ﺘﻭﺍﺯﻥ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﻪ ﻓﻲ ﺍﻟﺘﺭﺒﻪ ﺍﻟﺭﻤﻠﻴﻪ ﻟﺜﻼﺜﻪ ﻤﻭﺍﺴﻡ ﻤﺘﺘﺎﻟﻴﺔ ﺒﻐﺎﺒﺔ ﺍﻟﺩﻤﻭﻜﻴﺔ 
  .ﺒﻭﻻﻴﺔ ﺸﻤﺎل ﻜﺭﺩﻓﺎﻥ، ﺍﻟﺴﻭﺩﺍﻥ(  ﻤﺘﺭ065ﻭﺃﺭﺘﻔﺎﻉ ،  ﻕ93ْ
ﻭﻜﺜﺎﻓﺔ (  ﺸﺠﺭﻩ ﻟﻠﻬﻜﺘﺎﺭ334)ﺍﻟﻬﺸﺎﺏ ﺒﻜﺜﺎﻓﺔ ﻋﺎﻟﻴﺔ ﺃﺸﺘﻤﻠﺕ ﻨﻅﻡ ﺇﺩﺍﺭﺓ ﺍﻷﺭﺽ ﻋﻠﻲ ﺘﺤﻤﻴل ﺸﺠﺭﺓ 
ﻤﻊ ﻤﺤﺼﻭﻟﻲ ﺍﻟﺫﺭﻩ ﻭﺍﻟﻜﺭﻜﺩﻱ ﻭﺍﻟﺤﺸﺎﺌﺵ ﺍﻟﻁﺒﻴﻌﻴﻪ ﻤﻘﺎﺭﻨﺔ ﻤﻊ ﻫﺫﻩ (  ﺸﺠﺭﺓ ﻟﻠﻬﻜﺘﺎﺭ662)ﻤﻨﺨﻔﻀﺔ 
  .ﺘﻡ ﻭﻀﻊ ﺍﻟﻤﻌﺎﻤﻼﺕ ﻓﻲ ﻤﺭﺒﻌﺎﺕ ﻋﺸﻭﺍﺌﻴﺔ ﻜﺎﻤﻠﻪ ﺒﺜﻼﺜﺔ ﻤﻜﺭﺭﺍﺕ. ﺍﻟﻤﺤﺎﺼﻴل ﻏﻴﺭ ﻤﺤﻤﻠﺔ
ﺠﻴﺩ ﻟﺤﺎﻟﻪ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﺔ ﻭﺩﻴﻨﺎﻤﻴﻜﻴﺘﻬﺎ ﺍﻟﻤﺴﺎﻫﻤﺔ ﻓﻲ ﻓﻬﻡ ( 1:)ﺍﻷﻫﺩﺍﻑ ﺍﻟﻌﺎﻤﻪ ﻟﻬﺫﻩ ﺍﻟﺩﺭﺍﺴﺔ ﻫﻲ
ﺘﻭﻀﻴﺢ ﻤﻨﻬﺞ ﻭﻁﺭﻴﻘﺔ ﻟﺘﻘﻴﻡ ﺃﻨﺴﻴﺎﺏ ( 2)،ﻓﻲ ﺍﻟﻨﻅﻡ ﺍﻟﻤﺤﻤﻠﺔ ﻭﺍﻟﻐﻴﺭ ﺍﻟﻤﺤﻤﻠﻪ ﺒﺎﺸﺠﺎﺭ ﺍﻟﻬﺸﺎﺏ
  .ﺍﻟﻜﺭﺒﻭﻥ ﻭﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﻭﺍﻟﻔﺴﻔﻭﺭ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ : ﻭﻤﻭﺍﺯﻨﻪ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﺔ ﺍﻟﺘﺎﻟﻴﻪ
ﺍﻷﺭﺽ ﻋﻠﻲ ﺒﻌﺽ ﺍﻟﺨﻭﺍﺹ ﺘﺄﺜﻴﺭ ﻨﻅﻡ ﺇﺩﺍﺭﺓ ( 1: )ﺍﻷﻫﺩﺍﻑ ﺍﻷﺴﺎﺴﻴﺔ ﻟﻠﺩﺭﺍﺴﺔ ﻫﻲ ﺍﻟﺘﺤﻘﻕ ﻤﻥ
ﺘﺎﺜﻴﺭ ﻨﻅﻡ ﺇﺩﺍﺭﻩ ( 2)،ﺍﻟﻔﻴﺯﻴﺎﺌﻴﻪ ﻭﺍﻟﻜﻴﻤﺎﺌﻴﻪ ، ﺍﻟﻤﺨﺯﻭﻥ ﺍﻟﻐﺫﺍﺌﻲ، ﺍﻨﺘﺎﺠﻴﺔ ﺍﻟﻤﺤﺎﺼﻴل ﻭﺍﻟﻜﺘﻠﺔ ﺍﻟﺤﻴﻪ
ﺃﻷﺭﺽ ﻭﺍﻟﻤﻭﺴﻡ ﺍﻟﺯﺭﺍﻋﻲ ﻋﻠﻲ ﺃﻨﺴﻴﺎﺏ ﻭ  ﻤﺴﺎﺭ  ﺍﻟﻤﺩﺨﻼﺕ ﻭﺍﻟﻤﺨﺭﺠﺎﺕ ﻭﺍﻟﻤﻭﺍﺯﻨﻪ ﺍﻟﻐﺫﺍﺌﻴﻪ 
ﻩ ﺍﻷﺭﺽ ﻋﻠﻲ ﺍﻟﻤﺨﺯﻭﻥ ﺘﺎﺜﻴﺭ ﻨﻅﻡ ﺇﺩﺍﺭ( 3)،ﻟﻠﻜﺭﺒﻭﻥ ﺍﻟﻌﻀﻭﻱ، ﺍﻟﻨﺘﺭﺠﻴﻥ، ﺍﻟﻔﺴﻔﻭﺭ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻡ
ﺃﺠﺭﺍﺀ ﺘﺤﻠﻴل ( 4)ﻭ، ﺍﻟﻐﺫﺍﺌﻲ ﻓﻲ ﺍﻟﺘﺭﺒﻪ ﻭﺘﺤﺩﻴﺩ ﻤﺩﻱ ﻤﺴﺎﻫﻤﺘﻬﺎ ﻓﻲ ﺍﻟﺘﺩﻫﻭﺭ ﺍﻟﻐﺫﺍﺌﻲ  ﻟﻠﺘﺭﺒﻪ
ﺍﻟﺤﺴﺎﺴﻴﺔ ﻟﺘﺤﺩﻴﺩ ﻭﻓﺤﺹ ﺘﺎﺜﻴﺭ ﺃﻷﺨﺘﻼﻓﺎﺕ ﻓﻲ ﺍﻟﻤﺩﺨﻼﺕ ﻭﺍﻟﻤﺨﺭﺠﺎﺕ ﻋﻠﻲ ﺍﻟﻤﻭﺯﺍﻨﺔ ﺍﻟﻐﺫﺍﺌﻴﺔ 
 .ﺍﻟﻨﺎﺘﺠﺔ
ﺘﻡ ﺭﺼﺩ .  ﺍﻟﻐﺫﺍﺌﻲ ﺍﻟﻨﻤﻭﺯﺝﻭﻤﺴﺎﺭﺍﺕ ﻭ ﻤﻭﺍﺯﻨﻪ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﺔ ﻁﺒﻘﺎ ﻟﻠﻤﻴﺯﺍﻥ، ﺘﻡ ﺘﺤﺩﻴﺩ ﻜﻤﻴﺎﺕ
ﺍﻟﻤﻭﺍﺯﻨﻪ ﺍﻟﻤﻭﺍﺯﻨﻌﻪ ﺍﻟﻐﺫﺍﺌﻴﻪ ﻟﻨﻅﻡ ﺇﺩﺍﺭﻩ ﺃﻷﺭﺽ ﻭﺍﻟﻤﻭﺴﻡ ﺍﻟﺯﺭﺍﻋﻲ ﻤﻥ ﺜﻼﺜﻪ ﻤﺩﺨﻼﺕ ﻭﺃﺭﺒﻌﻪ 
ﻤﻭﺍﺩ ﻤﻀﺎﻓﻪ ﻤﻥ ﺍﻟﺠﻭ ( 2 ))2N1(ﺍﻟﻤﻭﺍﺩ ﺍﻟﻌﻀﻭﻴﺔ ( 1 )- :ﺍﻟﻤﺩﺨﻼﺕ ﺍﻟﻤﻨﺴﺎﺒﻪ ﻫﻲ. ﻤﺨﺭﺠﺎﺕ
   ﺃﻨﺘﺎﺝ ﺍﻟﻤﺤﺼﻭل (1 )-:ﺍﻟﻤﺨﺭﺠﺎﺕ ﺍﻟﻤﻨﺴﺎﺒﻪ ﻫﻲ. )4N1(ﻭﺍﻟﻨﺎﻴﺘﺭﻭﺠﻴﻥ ﺍﻟﻤﺜﺒﺕ ﺇﺤﻴﺎﺌﻴﺎ ، )3N1(
، 3TUO() ) gnihcaeL(ﻤﺯﺍﻟﻪ ﻟﺩﺍﺨل ﺃﻷﺭﺽ( 3)، (2TUO)ﺒﻘﺎﻴﺎ ﺍﻟﻤﺤﺼﻭل  ( 2 )1TUO()
   4TUO( ) )noisorE(ﻤﺯﺍﻟﻪ ﺒﻭﺍﺴﻁﻪ  ﺍﻟﺘﻌﺭﻴﺔ ( 4)
 (  2)، ﻗﻴﺎﺴﺎﺕ ﺤﻘﻠﻴﻪ ﻭﻤﻌﻤﻠﻴﻪ( 1 )- :ﺘﻡ ﺘﺤﺩﻴﺩ ﻗﻴﻡ ﻭﻜﻤﻴﺎﺕ ﺍﻟﻤﺩﺨﻼﺕ ﻭﺍﻟﻤﺨﺭﺠﺎﺕ ﺒﺜﻼﺜﻪ ﻁﺭﻕ
  .ﺕ ﻤﺒﻨﻴﻪ ﻋﻠﻲ ﺒﻴﺎﻨﺎﺕ ﺜﺎﻨﻭﻴﺔ ﻤﻥ ﻤﺼﺎﺩﺭ ﻤﺘﻨﻭﻋﺔﺃﻓﺘﺭﺍﻀﺎ( 3)ﺇﺴﺘﺨﺩﺍﻡ ﺍﻟﻌﻼﻗﺎﺕ ﺍﻟﻜﻤﻴﻪ 
 
 
 
 
 
ﺘﻭﺯﻴﻊ ) ﺍﻅﻬﺭﺕ ﺍﻟﻨﺘﺎﺌﺞ ﺃﻥ ﻟﻨﻅﻡ  ﺇﺩﺍﺭﺓ ﺃﻷﺭﺽ ﺘﺎﺜﻴﺭﺍ ﻤﻌﻨﻭﻴﺎ ﻭﺍﻀﺤﺎ ﻋﻠﻲ ﺍﻟﺨﺼﺎﺌﺹ ﺍﻟﻔﻴﺯﻴﺎﺌﻪ 
ﺒﺎﺴﺘﺜﻨﺎﺀ ﻤﻜﻭﻨﺎﺕ ﺍﻟﻁﻤﻲ ﻜﺎﻨﺕ ﺃﻗل ﻨﺴﺒﻪ ﻟﻠﺭﻤل . ﻭﺍﻟﻤﺨﺯﻭﻥ ﺍﻟﻐﺫﺍﺌﻲ، ﻭﺍﻟﻜﻴﻤﻴﺎﺌﻴﻪ( ﺯﺭﺍﺕ ﺍﻟﺘﺭﺒﻪ
ﺘﺤﺕ ﻨﻅﻡ ﺍﺩﺍﺭﻩ %( 8.3- 5.4)ﻭﺍﻟﻁﻴﻥ ، %(05-25)، ﻭﺃﻋﻠﻲ ﻨﺴﺒﻪ ﻟﻠﺭﻤل ﺍﻟﻨﺎﻋﻡ %( 04)ﺍﻟﺨﺸﻥ 
ﻭﺍﻟﻌﻜﺱ ﺼﺤﻴﺢ ، DL()ﺘﻠﻴﻬﺎ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﻤﻨﺨﻔﻀﻪ ، DH()ﺃﻷﺭﺽ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﺸﺠﺭﻴﻪ ﺍﻟﻌﺎﻟﻴﻪ 
 ﻓﻜﺎﻨﺕ ﺃﻋﻠﻲ ﻓﻲ ﻨﻅﻡ ﺍﻟﻤﺤﺎﺼﻴل ﺍﻟﻨﻘﻴﻪ )R/C(ﺃﻤﺎ ﻨﺴﺒﺔ ﺍﻟﻁﻴﻥ . ﺒﺎﻟﻨﺴﺒﻪ ﻟﻨﻅﻡ ﺍﻟﻤﺤﺎﺼﻴل ﺍﻟﻨﻘﻴﻪ
  .(61- 31)ﻭﺃﻗل ﻓﻲ ﺍﻷﻨﻅﻤﺔ ﺍﻟﺘﻲ ﺒﻬﺎ ﺍﻷﺸﺠﺎﺭ ( 43-62)
ﺒﺎﻟﻨﺴﺒﻪ ﻟﺨﺼﺎﺌﺹ ﺍﻟﺘﺭﺒﻪ ﺍﻟﻜﻴﻤﻴﺎﺌﻴﺔ ﻓﻜﺎﻥ ﻟﻨﻅﻡ ﺇﺩﺍﺭﻩ ﺃﻷﺭﺽ ﺘﺎﺜﻴﺭﺍ ﻤﻌﻨﻭﻴﺎ ﻋﺎﻟﻴﺎ ﻋﻠﻲ ﻨﺴﺒﻪ 
ﻓﻜﺎﻨﺕ ﺃﻋﻠﻲ ﻨﺴﺒﻪ .  )N/C ,%C ,%N( ﺍﻟﻨﻴﺘﺭﻭﺠﻴﻥ ﻭﻨﺴﺒﻪ ﺍﻟﻜﺭﺒﻭﻥ ﻟﻠﻨﻴﺘﺭﻭﺠﻴﻥ، ﺍﻟﻜﺭﺒﻭﻥ
 ﻭ ﺃﻋﻠﻲ ﻨﺴﺒﻪ ﻟﻠﻜﺭﺒﻭﻥ )R+DH( ﺘﺤﺕ ﺍﻟﻜﺭﻜﺩﻱ ﻤﻊ ﻜﺜﺎﻓﻪ ﺸﺠﺭﻴﻪ ﻋﺎﻟﻴﻪ(  %320.0)ﻟﻠﻨﻴﺘﺭﻭﺠﻴﻥ 
 ﻓﻜﺎﻨﺕ N/C ﺃﻤﺎ ﺍﻋﻠﻲ ﻨﺴﺒﻪ ﻟﻠﻜﺭﺒﻭﻥ ﻋﻠﻲ ﺍﻟﻨﻴﺘﺭﻭﺠﻴﻥ. (0 )%221.  )GP(ﺍﻟﻨﻘﻴﻪﺘﺤﺕ ﺃﻷﻋﺸﺎﺏ 
  (.91-44)ﺘﺤﺕ ﻨﻅﻡ ﺍﻟﻤﺤﺎﺼﻴل ﺍﻟﻨﻘﻴﻪ 
 ﻭﻋﻤﻕ ﺍﻟﺘﺭﺒﻪ ﻜﺎﻥ ﻟﻪ ﺘﺄﺜﻴﺭﺍ ﻤﻌﻨﻭﻴﺎ ﻓﻘﻁ ﻋﻠﻲ ﻓﻲ ﻨﺴﺒﻪ ﺍﻟﺭﻤل   ﺍﻟﺘﺩﺍﺨل ﺒﻴﻥ ﻨﻅﻡ ﺇﺩﺍﺭﻩ ﺃﻷﺭﺽ
ﻋﻤﻕ ﺍﻟﺘﺭﺒﻪ ﺍﻋﻠﻲ ﻨﺴﺒﻪ ﻟﻠﺭﻤل ﺍﻟﺨﺸﻥ ﻜﺎﻨﺕ ﺘﺤﺕ ﻜل ﻨﻅﻡ ﺇﺩﺍﺭﻩ ﺃﻷﺭﺽ ﻓﻲ . ﺍﻟﺨﺸﻥ ﻭﺍﻟﻨﺎﻋﻡ
ﻻﺘﻭﺠﺩ ﻓﺭﻭﻗﺎﺕ  (. m3.0)ﻭﺃﻋﻠﻲ ﻨﺴﺒﻪ ﻟﻠﺭﻤل ﺍﻟﻨﺎﻋﻡ ﻓﻲ ﻋﻤﻕ ﺍﻟﺘﺭﺒﻪ ﺃﻷﻋﻠﻲ ، (m6.0)ﺃﻷﺴﻔل 
ًﻓﻜﺎﻨﺕ ﻓﻲ ﻋﻤﻕ  )%C( ﺃﻤﺎ ﺃﻋﻠﻲ ﻨﺴﺒﻪ ﺍﻟﻜﺭﺒﻭﻥ .ﻤﻌﻨﻭﻴﺔ ﺒﺎﻟﻨﺴﺒﻪ ﻟﺘﻭﺯﻴﻊ ﺤﺒﻴﺒﺎﺕ ﺍﻟﺘﺭﺒﻪ ﺒﻴﻥ ﺍﻟﻌﻤﻘﻴﻥ
  (.m3.0)ﺃﻟﺘﺭﺒﻪ ﺃﻷﻋﻠﻲ 
ﻜﺎﻥ . ﺎﻥ  ﻤﻌﻨﻭﻴﺎ ﻓﻘﻁ ﻋﻠﻲ ﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﺘﺎﺜﻴﺭ ﻨﻅﻡ ﺇﺩﺍﺭﻩ ﺃﻻﺭﺽ ﻋﻠﻲ ﻤﺨﺯﻭﻥ ﺍﻟﻌﻨﺎﺼﺭﻓﻲ ﺍﻟﺘﺭﺏ ﻜ
ﺍﻟﻤﺨﺯﻭﻥ . ﻤﺨﺯﻭﻥ ﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﺃﻋﻠﻲ ﻓﻲ ﻜل ﺃﻷﻨﻅﻤﺔ ﺍﻟﻤﺤﻤﻠﻪ ﻭﻤﻨﺨﻔﺽ ﻓﻲ ﺍﻟﻤﺤﺎﺼﻴل ﺍﻟﻨﻘﻴﺔ
ﻭﻤﻥ ، ﻜﻴﻠﻭ ﺠﺭﺍﻡ ﻟﻠﻬﻜﺘﺎﺭ ﻓﻲ ﺃﻻﻨﻅﻤﺔ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﺸﺠﺭﻴﻪ ﺍﻟﻌﺎﻟﻴﻪ 839- 0801ﻴﺘﺭﺍﻭﺡ ﻤﺎ ﺒﻴﻥ 
 ﻓﻲ 254-536ﻭﻤﻥ ، ﻤﻨﺨﻔﻀﻪ  ﻜﻴﻠﻭ ﺠﺭﺍﻡ ﻟﻠﻬﻜﺘﺎﺭ ﻓﻲ ﺃﻻﻨﻅﻤﺔ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﺸﺠﺭﻴﻪ ﺍﻟ048- 359
  .ﺍﻟﻤﺤﺎﺼﻴل ﺍﻟﻨﻘﻴﺔ
ﻻ ﺘﻭﺠﺩ ﻓﺭﻭﻗﺎﺕ ﻤﻌﻨﻭﻴﻪ ﺒﻴﻥ ﻨﻅﻡ ﺇﺩﺍﺭﻩ ﺃﻷﺭﺽ ﻋﻠﻲ ﺍﻨﺘﺎﺠﻴﻪ  ﺍﻟﻤﺤﺼﻭل ﻭﺍﻟﻤﺎﺩﻩ ﺍﻟﺠﺎﻓﻪ ﻟﻤﺤﺼﻭل 
ﻫﺫﺍ ﻴﻨﻁﺒﻕ . )S+DL(ﺍﻟﺫﺭﻩ ﺇﻷ ﺍﻨﻬﺎ ﻨﺴﺒﻴﺎ ﻜﺎﻨﺕ ﺃﻋﻠﻲ ﻓﻲ ﺃﻷﻨﻅﻤﻪ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﺸﺠﺭﻴﻪ ﺍﻟﻤﻨﺨﻔﻀﻪ 
ﺃﻤﺎ ,   )RP(ﺩﻱ ﻜﺎﻥ ﺃﻋﻠﻲ ﻓﻲ ﺍﻟﻤﺤﺼﻭل ﺍﻟﻨﻘﻲﻋﻠﻲ ﻤﺤﺼﻭل ﺍﻟﻜﺭﻜﺩﻱ ﺇﻷ ﺍﻥ ﺍﻨﺘﺎﺝ ﺯﻫﺭﻩ ﺍﻟﻜﺭﻜ
ﺘﺎﺜﻴﺭ ﻨﻅﻡ ﺇﺩﺍﺭﻩ . )R+DH(ﺍﻟﻤﺎﺩﻩ ﺍﻟﺠﺎﻓﻪ ﻓﻜﺎﻨﺕ ﺃﻋﻠﻲ ﻓﻲ ﺍﻟﻜﺭﻜﺩﻱ ﻤﻊ ﻜﺜﺎﻓﻪ ﺸﺠﺭﻴﻪ ﻋﺎﻟﻴﻪ 
ﻤﺘﻭﺴﻁ ﺇﻨﺘﺎﺝ ﺍﻟﻤﺎﺩﺓ ﺍﻟﺠﺎﻓﺔ . ﺃﻷﺭﺽ ﻜﺎﻥ ﻤﻌﻨﻭﻴﺎ ﻋﻠﻲ ﺍﻨﺘﺎﺝ ﺍﻟﻤﺎﺩﻩ ﺍﻟﺠﺎﻓﻪ ﻟﻠﺤﺸﺎﺵ ﺍﻟﻁﺒﻴﻌﻴﻪ
، ﻭﻤﺘﻭﺴﻁ ﻓﻲ ﺍﻟﻜﺜﺎﻓﺔ (G+DH)ﺸﺠﺎﺭﻟﻠﺤﺸﺎﺌﺵ ﻜﺎﻥ ﻋﺎﻟﻲ ﻓﻲ ﺍﻷﻨﻅﻤﺔ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﺔ ﺍﻟﻌﺎﻟﻴﺔ ﻟﻸ
  (.GP)ﻭﻤﻨﺨﻔﻀﺔ ﻓﻲ ﺍﻟﺤﺸﺎﺌﺵ ﺍﻟﻨﻘﻴﺔ ( G+DL)ﺍﻟﻤﻨﺨﻔﻀﺔ ﻟﻸﺸﺠﺎﺭ 
 
 
 
 
 
 ﺃﻨﺘﺎﺠﻴﺔ ﺍﻟﻜﺘﻠﻪ ﺍﻟﺤﻴﺔ ﺍﻟﺠﺎﻓﺔ ﻟﻠﺸﺠﺭﺓ ﻏﻴﺭ ﻤﺨﺘﻠﻔﺔ ﺃﺤﺼﺎﺌﻴﺎﹰ ﺒﻴﻥ ﻜل ﻨﻅﻡ ﺇﺩﺍﺭﻩ ﺃﻷﺭﺽ ﺒﻐﺽ ﺍﻟﻨﻅﺭ 
ﺕ ﺍﻟﻜﺜﺎﻓﺔ ﺃﻻ ﺍﻨﻬﺎ ﻨﺴﺒﻴﺎﹰ  ﻜﺎﻨﺕ ﻋﺎﻟﻴﺔ ﻓﻲ ﺍﻷﻨﻅﻤﻪ ﺫﺍ. ﻋﻥ ﻨﻭﻉ ﺍﻟﻤﺤﺼﻭل ﺍﻟﻤﺤﻤل ﻭﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﺸﺠﺭﻴﻪ
ﻜﻴﻠﻭ ﺠﺭﺍﻡ ﻟﻠﻬﻜﺘﺎﺭﻓﻲ ﺍﻷﻨﻅﻤﻬﺫﺍﺕ  ( 66-26)ﻤﻘﺎﺭﻨﺔ ﻤﻊ ( 77-96) ﺤﻴﺙ ﺒﻠﻐﺕ  )DL(ﺍﻟﻤﻨﺨﻔﻀﺔ 
 ﺴﻨﻪ 51ﺃﻭﻀﺤﺕ ﺍﻟﻨﺘﺎﺌﺞ ﺃﻥ ﺸﺠﺭﻩ ﺍﻟﻬﺸﺎﺏ ﻓﻲ ﻤﻭﻗﻊ ﺍﻟﺩﺭﺍﺴﻪ ﻓﻲ ﻋﻤﺭ  )DH(. ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﻌﺎﻟﻴﻪ
.  ﺴﻡ ﻤﺭﺒﻊ541 ﺒﻠﻐﺕ ASC ﻜﻴﻠﻭ ﺠﺭﺍﻡ ﻟﻠﺸﺠﺭﺓ ﻋﻨﺩ ﻤﺘﻭﺴﻁ 77ﺍﻨﺘﺠﺕ ﻤﺘﻭﺴﻁ ﻜﺘﻠﻪ ﺤﻴﻪ ﺒﻠﻐﺕ 
 ﻜﻴﻠﻭ ﺠﺭﺍﻡ ﻟﻠﻤﻜﻭﻥ ﺃﻷﺴﻔل 21  ﻜﻴﻠﻭ ﺠﺭﺍﻡ ﻓﻲ ﺍﻟﻤﻜﻭﻥ ﺃﻷﻋﻠﻲ ﻭ56ﻭﺯﻋﺕ ﻫﺫﻩ ﺍﻟﻜﻤﻴﻪ ﺒﻨﺴﺒﻪ ﺤﻴﺙ ﺘ
ﺃﻨﺘﺎﺠﻴﺔ ﺍﻟﻤﺎﺩﺓ ﺍﻟﺠﺎﻓﺔ ﻟﻸﻭﺭﺍﻕ ﻭﺍﻟﺠﺯﻭﺭ ﺍﻟﻨﺎﻋﻤﺔ ﻟﻠﺸﺠﺭﺓ ﻏﻴﺭ ﻤﺨﺘﻠﻔﺔ ﺇﺤﺼﺎﺌﻴﺎﹰ ﺒﻴﻥ ﺍﻻﻨﻅﻤﺔ .ﻟﻠﺸﺠﺭﻩ
 21- 01 ﻜﺎﻥ ﻤﺘﻭﺴﻁ ﻜﻤﻴﺔ ﺍﻟﻤﺎﺩﺓ ﺍﻟﺠﺎﻓﺔ ﻟﻸﻭﺭﺍﻕ ﻤﺎ ﺒﻴﻥ. ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﺸﺠﺭﻴﻪ ﺍﻟﻌﺎﻟﻴﻪ ﺃﻭ ﺍﻟﻤﺨﻔﻀﻪ
ﺘﻘﺭﻴﺒﺎﹰ ﻤﺘﻤﺎﺜﻠﺔ ﻓﻲ ﺒﻤﺘﻭﺴﻁ ( ﺍﻟﺭﻗﻴﻘﺔ)ﺒﻴﻨﻤﺎ ﻜﺎﻨﺕ ﺍﻟﻤﺎﺩﺓ ﺍﻟﺠﺎﻓﺔ ﻟﻠﺠﺯﻭﺭ ﺍﻟﻨﺎﻋﻤﺔ ، ﻜﻴﻠﻭ ﺠﺭﺍﻡ ﻟﻠﺸﺠﺭﺓ
  . ﻜﻴﻠﻭﺠﺭﺍﻡ ﻟﻠﺸﺠﺭﻩ 3
ﺘﺄﺜﻴﺭ ﻨﻅﻡ ﺇﺩﺍﺭﻩ ﺃﻷﺭﺽ ﻋﻠﻲ ﺍﻨﺘﺎﺠﻴﺔ ﺍﻟﺼﻤﻎ ﺍﻟﻌﺭﺒﻲ ﻟﻠﺸﺠﺭﺓ ﻏﻴﺭ ﻤﻌﻨﻭﻱ ﺍﻷ ﺍﻥ ﺃﻋﻠﻲ ﻤﺘﻭﺴﻁ 
( R+DH)ﺜﺎﻓﻪ ﺍﻟﺸﺠﺭﻴﻪ ﺍﻟﻌﺎﻟﻴﻪ ﺇﻨﺘﺎﺠﻴﻪ ﻟﻠﺸﺠﺭﻩ ﻜﺎﻨﺕ ﻤﻥ ﻤﺤﺼﻭل ﺍﻟﻜﺭﻜﺩﻱ ﻓﻲ ﺍﻟﻨﻅﻡ ﺫﺍﺕ ﺍﻟﻜ
ﻜﻤﺎ ﻤﺘﻭﻗﻊ ﻓﺎﻥ ﺃﻨﺘﺎﺠﻴﺔ ﺍﻟﺼﻤﻎ ﻟﻠﻬﻜﺘﺎﺭ ﻜﺎﻨﺕ ﻋﺎﻟﻴﺔ .  ﻜﻴﻠﻭﺠﺭﺍﻡ ﻟﻠﺸﺠﺭﻩ96.0ﺤﻴﺙ ﺒﻠﻐﺕ ﺤﻭﺍﻟﻲ 
ﺃﻋﻠﻲ ﻤﺘﻭﺴﻁ . ﻤﻌﻨﻭﻴﺎ ﻓﻲ ﺍﻻﻨﻅﻤﺔ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﺸﺠﺭﻴﻪ ﺍﻟﻌﺎﻟﻴﻪ ﺒﺎﻟﻤﻘﺎﺭﻨﻪ ﻤﻊ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﻤﺨﻔﻀﻪ
 ﺠﺎﺭ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﺔ ﺍﻟﻌﺎﻟﻴﻪ ﻜﺎﻨﺕ ﻤﻥ ﻤﺤﺼﻭل ﺍﻟﺫﺭﻩ ﻤﻊ ﺍﻷﺸ( ﺇﻨﺘﺎﺠﻴﻪ ﻟﻠﺼﻤﻎ ﻓﻲ ﺍﻟﻬﻜﺘﺎﺭ
  . ﻜﻴﻠﻭ ﺠﺭﺍﻡ ﻟﻠﻬﻜﺘﺎﺭ712ﺤﻴﺙ ﺒﻠﻐﺕ )S+DH(
ﺍﻟﻤﻭﺍﺴﻡ  ﺍﻟﺯﺭﺍﻋﻴﻪ ﺫﺍﺕ ﺘﺄﺜﻴﺭ ﻤﻌﻨﻭﻱ ﻋﺎﻟﻲ ﻋﻠﻲ ﺍﻨﺘﺎﺠﻴﻪ ﺍﻟﻤﺤﺎﺼﻴل ﻭﺍﻟﻤﺎﺩﻩ ﺍﻟﺠﺎﻓﻪ ﺤﻴﺙ ﻜﺎﻨﺕ ﺃﻋﻠﻲ 
ﺤﻴﺙ ﻜﺎﻨﺕ ﻜﻤﻴﺎﺕ ، 2002ﻤﺘﻭﺴﻁﺎﺕ ﻷﻨﺘﺎﺝ ﺍﻟﻤﺤﺎﺼﻴل ﻭﺍﻟﻤﺎﺩﻩ ﺍﻟﺠﺎﻓﻪ ﻓﻲ ﺍﻟﻤﻭﺴﻡ ﺍﻟﺯﺭﺍﻋﻲ ﺍﻟﺜﺎﻨﻲ 
 dleiy(ﻋﻤﻭﻤﺎ ﻜل ﻤﻜﻭﻨﺎﺕ ﺍﻷﻨﺘﺎﺠﻴﺔ. ﺎﺴﺒﻪ ﻟﻨﻤﻭ ﺍﻟﻤﺤﺎﺼﻴل ﻭﺍﻷﻨﺘﺎﺠﻴﺔﺍﻷﻤﻁﺎﺭ ﻭﺘﻭﺯﻴﻌﻬﺎ ﻤﻨ
  . ﻟﻠﻤﺤﺎﺼﻴل ﺍﻟﻤﺨﺘﻠﻔﻪ ﺘﺄﺜﺭﺕ ﺒﻜﺜﺎﻓﺔ ﺍﻟﺸﺠﺭﻩ ﻭﺍﻟﻤﻭﺍﺴﻡ ﺍﻟﺯﺭﺍﻋﻴﻪ )stnenopmoc
ﺃﻅﻬﺭﺕ ﺍﻟﻨﺘﺎﺌﺞ ﺃﻥ ﻟﻨﻅﻡ ﺇﺩﺍﺭﻩ ﺃﻻﺭﺽ ﺘﺎﺜﻴﺭﺍ ﻤﻌﻨﻭﻴﺎ ﻋﺎﻟﻴﺎ ﻋﻠﻲ ﺘﺩﻓﻘﺎﺕ ﺍﻟﻤﺩﺨﻼﺕ ﻭﺍﻟﻤﺨﺭﺠﺎﺕ 
ﺨﻼﺕ ﻋﺎﻟﻴﻪ ﻓﻲ ﺍﻟﻨﻅﻡ ﺍﻟﺘﻲ ﺘﺤﺘﻭﻱ ﻋﻠﻲ ﺃﻷﺸﺠﺎﺭ ﻓﻴﻤﺎ ﻜﺎﻨﺕ ﺍﻟﻤﺩ. ﻟﻠﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﻪ ﻗﻴﺩ ﺍﻟﺩﺭﺍﺴﻪ
ﻤﻥ ﺍﻟﻤﺭﺠﺢ ﺍﻥ ﺴﺒﺏ ﻫﺫﻩ ﺍﻷﺨﺘﻼﻓﺎﺕ ﻴﻌﺯﻱ . ﻜﺎﻨﺕ ﺍﻟﻤﺨﺭﺠﺎﺕ ﻋﺎﻟﻴﻪ ﻓﻲ ﻨﻅﻡ ﺍﻟﻤﺤﺎﺼﻴل ﺍﻟﻨﻘﻴﻪ
ﻜﺜﺎﻓﻪ ﺃﻷﺸﺠﺎﺭ ﻭﺍﻟﻅﺭﻭﻑ ﺍﻟﻤﻨﺎﺨﻴﻪ ﻭﻤﺴﺘﻭﻱ ، ﻷﺨﺘﻼﻑ ﺍﻟﻤﺴﺎﺭﺍﺕ ﺍﻟﻨﺎﺘﺞ ﻤﻥ ﻨﻭﻉ ﺍﻟﻤﺤﺼﻭل
 ﻟﻠﻤﺩﺨﻼﺕ ﻭﺍﻟﻤﺨﺭﺠﺎﺕ ﻟﻠﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﻪ ﻓﻲ ﻋﻤﻭﻤﺎﹰ ﺃﻅﻬﺭﺕ ﺍﻟﻨﺘﺎﺌﺞ ﺒﺄﻥ ﻏﺎﻟﺒﻴﻪ ﺍﻟﻤﺴﺎﺭﺍﺕ. ﺃﻷﺩﺍﺭﻩ
ﺍﻟﻨﻅﻡ ﺍﻟﻤﺨﺘﻠﻔﻪ ﻤﺭﺘﺒﻁﻪ ﺇﺭﺘﺒﺎﻁﺎ ﻭﺜﻴﻘﺎ ﺒﻜﻤﻴﺎﺕ ﺍﻟﻤﻭﺍﺩ ﺍﻟﻌﻀﻭﻴﻪ ﻤﻥ ﺃﻷﺸﺠﺎﺭ ﻭﻤﺨﻠﻔﺎﺕ ﺍﻟﻤﺤﺎﺼﻴل 
  .ﻭﺍﻟﺤﺸﺎﺌﺵ ﺍﻭ ﺃﻟﺜﻨﻴﻥ ﻤﻌﺎ
 
 
 
 
 
ﻫﺫﺍ ﻴﻅﻬﺭ ﺠﻠﻴﺎ ﻓﻲ ﺍﻟﺘﺩﻓﻕ ﺍﻟﻌﻠﻲ . ﻜﺎﻥ  ﻟﻠﻤﻭﺍﺴﻡ ﺍﻟﺯﺭﺍﻋﻴﻪ ﺘﺎﺜﻴﺭﺍ ﻤﻌﻨﻭﻴﺎ ﻓﻘﻁ ﻋﻠﻲ ﺘﺩﻓﻘﺎﺕ ﺍﻟﻤﺨﺭﺠﺎﺕ
ﻫﺫﺍ ﻴﺸﻴﺭ ﺍﻟﻲ ﺍﻷﺯﺍﻟﺔ ﺍﻟﻌﺎﻟﻴﺔ (. 4002)ﻭﺍﻟﺜﺎﻟﺙ ( 3002)ﻭﺴﻡ ﺍﻟﺯﺭﺍﻋﻲ ﺍﻟﺜﺎﻨﻲﻟﻠﻤﺨﺭﺠﺎﺕ ﻓﻲ ﺍﻟﻤ
  .ﻟﻠﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﻪ ﻜﻨﺘﻴﺠﺔ ﻟﻠﺤﺼﺎﺩ ﺍﻟﻭﻓﻴﺭ ﻓﻲ ﻫﺫﻴﻥ ﺍﻟﻤﻭﺴﻤﻴﻥ
ﻜﺎﻨﺕ ﻤﺴﺎﻫﻤﺎﺕ ﺠﺫﻭﺭ ﺍﻟﻤﺤﺎﺼﻴل ﻭﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻤﻀﺎﻓﻪ ﻤﻥ ﺍﻟﻐﻼﻑ ﺍﻟﺠﻭﻱ ﺇﻟﻲ ﺘﺩﻓﻘﺎﺕ ﺍﻟﻤﺩﺨﻼﺕ 
ﺍﻟﻘﺩﺭ ﻜﺎﻨﺕ ﻤﺴﺎﻫﻤﺎﺕ ﺃﻨﺘﺎﺝ ﺍﻟﺼﻤﻎ ﺍﻟﻌﺭﺒﻲ ﺒﻨﻔﺱ . ﻟﻜل ﻤﻥ ﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﻭﺍﻟﻔﺴﻔﻭﺭ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ ﻀﺌﻴﻠﻪ
. ﻀﺌﻴﻠﻪ ﻟﺘﺩﻓﻘﺎﺕ ﺍﻟﻤﺨﺭﺠﺎﺕ ﻟﻜل ﻤﻥ ﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ ﻓﻲ ﺍﻷﻨﻅﻤﺔ ﺍﻟﺘﻲ ﺘﺤﺘﻭﻱ ﻋﻠﻲ ﺃﻷﺸﺠﺎﺭ
ﻨﻭﻉ ، ﻋﻤﻭﻤﺎﹰ ﺘﺭﺍﻜﻤﺎﺕ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﻪ ﺘﺤﺕ ﻫﺫﻩ ﺃﻷﻨﻅﻤﻬﺘﻌﺘﻤﺩ ﺒﺸﻜل ﻤﻠﺤﻭﻅ ﻋﻠﻲ ﻜﺜﺎﻓﺔ ﺃﻷﺸﺠﺎﺭ
  .ﺍﻟﻤﺤﺎﺼﻴل ﻭﻜﻤﻴﻪ ﺍﻷﺠﺯﺍﺀ ﺍﻟﻤﺤﺼﻭﺩﻩ
ﺌﺞ ﺃﻥ ﻨﻅﻡ ﺇﺩﺍﺭﻩ ﺃﻷﺭﺽ ﻜﺎﻥ ﻟﻬﺎ ﺘﺎﺜﻴﺭﺍ ﻤﻌﻨﻭﻴﺎ ﻋﺎﻟﻴﺎ ﻋﻠﻲ ﻤﺘﻭﺴﻁ ﺘﻭﺍﺯﻥ ﺍﻟﻌﻨﺎﺼﺭ ﺃﻅﻬﺭﺕ ﺍﻟﻨﺘﺎ
ﺃﻟﺘﻭﺍﺯﻥ ﻜﺎﻥ ﺴﺎﻟﺒﺎ ﻟﻜل ﺍﻟﻌﻨﺎﺼﺭ ﻗﻴﺩ ﺍﻟﺒﺤﺙ ﻓﻲ . ﺒﻤﻭﻗﻊ ﺍﻟﺩﺭﺍﺴﻪ( ﺍﻟﺘﻭﺍﺯﻥ ﺍﻷﻜﺜﺭ ﺇﺤﺘﻤﺎﻻ)ﺍﻟﻐﺫﺍﺌﻴﻪ 
، ﺍﻟﻨﻴﺘﺭﻭﺠﻴﻥ، ﻜﺎﻥ ﺍﻟﺘﻭﺍﺯﻥ ﻟﻠﻜﺭﺒﻭﻥ. ﺍﻟﻨﻅﻡ ﺍﻟﺘﻲ ﺘﺤﺘﻭﻱ ﻋﻠﻲ ﻤﺤﺼﻭﻟﻲ ﺍﻟﺫﺭﻩ ﻭﺍﻟﻜﺭﻜﺩﻱ ﺍﻟﻨﻘﻲ
- ,2232ﺍﻟﻤﻌﺩﻻﺕ ﻜﺎﻨﺕ .  ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ ﻤﻭﺍﺩ ﺍﻟﻤﻐﺫﻴﺔ ﻓﻲ ﺍﻟﺫﺭﻩ ﺍﻟﺼﺎﻓﻴﺔ ﻭﺍﻷﻋﺸﺎﺏ ﺍﻟﺼﺎﻓﻴﺔﺍﻟﻔﺴﻔﻭﺭ
 ﻓﻲ ﺍﻟﻜﺭﻜﺩﻱ  74- ,32- ,34- ,1531-ﺴﻨﻪ  ﻓﻲ ﺍﻟﺫﺭﻩ ﺍﻟﻨﻘﻴﻪ ﻭ /ﻫﻜﺘﺎﺭ/ ﻜﻠﺠﻡ-75- ,31- ,15
ﺃﻤﺎ ﻓﻲ ﻨﻅﻡ ﺍﻟﺤﺸﺎﺌﺵ ﺍﻟﻨﻘﻴﻪ ﻓﻜﺎﻥ ﺍﻟﺘﻭﺯﻥ ﺴﺎﻟﺒﺎ ﻟﻠﻜﺭﺒﻭﻥ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ ﻭﻤﻭﺠﺏ ﻟﻠﻨﻴﺘﺭﻭﺠﻴﻥ . ﺍﻟﻨﻘﻲ
  .ﺴﻨﻪ/ﻫﻜﺘﺎﺭ/ ﻜﻠﺠﻡ0 ,2 ,6- ,863-:ﺩﻻ ﻟﻠﻔﻭﺴﻔﻭﺭ ﻋﻠﻲ ﺍﻟﻨﺤﻭ ﺍﻟﺘﺎﻟﻲﻭﻤﺘﻌﺎ
ﻤﻭﺠﺏ ( S+DH)ﻜﺎﻥ ﺍﻟﺘﻭﺍﺯﻥ ﻓﻲ ﺍﻟﺫﺭﺓ ﻤﻊ ﻜﺜﺎﻓﻪ ﺸﺠﺭﻴﻪ ﻋﺎﻟﻴﻪ ، ﻓﻲ ﺍﻟﻨﻅﻡ ﺍﻟﻤﺤﻤﻠﻪ ﺒﺎﻷﺸﺠﺎﺭ
 0 ,03 ,562 ,7931ﻟﻠﻜﺭﺒﻭﻥ، ﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ ﻭﻤﺘﻌﺎﺩﻻ ﻟﻠﻔﺴﻔﻭﺭ ﺒﻤﺘﻭﺴﻁﺎﺕ ﺒﻠﻐﺕ 
ﻜﺎﻨﺕ ﺍﻟﺘﻭﺍﺯﻥ ﻤﻭﺠﺏ ( S±DL)ﻩ ﻤﻊ ﻜﺜﺎﻓﻪ ﻤﻨﺨﻔﻀﻪ ﻓﻲ ﺍﻟﺫﺭ. ﺴﻨﻪ ﻋﻠﻲ ﺍﻟﺘﻭﺍﻟﻲ/ﻫﻜﺘﺎﺭ/ﻜﻠﺠﻡ
 5- ,1- ,751 ,93ﻟﻠﻜﺭﺒﻭﻥ ﻭﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﻭﺴﺎﻟﺒﻪ ﻟﻠﺒﻭﺘﺎﺴﻴﻭﻡ ﻭﺍﻟﻔﺴﻔﻭﺭ ﺒﻤﺘﻭﺴﻁﺎﺕ ﺒﻠﻐﺕ 
ﻜﺎﻥ ﺍﻟﺘﻭﺍﺯﻥ ﻤﻭﺠﺏ ( R+DH)ﻓﻲ ﻨﻅﻡ ﺍﻟﻜﺭﻜﺩﻱ ﻤﻊ ﻜﺜﺎﻑ ﻋﺎﻟﻴﻪ . ﺴﻨﻪ ﻋﻠﻲ ﺍﻟﺘﻭﺍﻟﻲ/ﻫﻜﺘﺎﺭ/ﻜﻠﺠﻡ
 -,552 ,7171 42ﻐﺕ ﻟﻠﻜﺭﺒﻭﻥ ﻭﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ ﻭﺴﺎﻟﺏ ﻟﻠﻔﺴﻔﻭﺭ ﺒﻤﺘﻭﺴﻁﺎﺕ ﺒﻠ
ﻜﺎﻥ ﺍﻟﺘﻭﺍﺯﻥ ( R+DL)ﻓﻲ ﻨﻅﻡ ﺍﻟﻜﺭﻜﺩﻱ ﻤﻊ ﻜﺜﺎﻓﻪ ﻤﻨﺨﻔﻀﻪ . ﺴﻨﻪ ﻋﻠﻲ ﺍﻟﺘﻭﺍﻟﻲ/ﻫﻜﺘﺎﺭ/ﻜﻠﺠﻡ
 42-,12- ,884,421ﻤﻭﺠﺏ ﻟﻠﻜﺭﺒﻭﻥ ﻭﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﻭﺴﺎﻟﺏ ﻟﻠﺒﻭﺘﺎﺴﻴﻭﻡ ﻭﺍﻟﻔﺴﻔﻭﺭ ﺒﻤﺘﻭﺴﻁﺎﺕ 
  .ﺴﻨﻪ ﻋﻠﻲ ﺍﻟﺘﻭﺍﻟﻲ/ﻫﻜﺘﺎﺭ/ﻜﻠﺠﻡ
ﺍﻟﻌﻨﺎﺼﺭ ﻗﻴﺩ ﺍﻟﺩﺭﺍﺴﻪ ﻤﻭﺠﺒﻪ ﺃل ﺒﺼﻭﺭﻩ ﻋﺎﻤﻪ ﻓﻲ ﻨﻅﻡ ﺍﻟﺤﺸﺎﺌﺵ ﻤﻊ ﺃﻷﺸﺠﺎﺭ ﻜﺎﻨﺕ ﺍﻟﺘﻭﺍﺯﻨﺎﺕ ﻟﻜل 
  (.G+DL)ﻤﻘﺎﺭﻨﺔ ﻤﻊ ( G+DH)ﺍﻨﻬﺎ ﺍﻋﻠﻲ ﻓﻲ ﺍﻟﻨﻅﻡ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﺸﺠﺭﻴﻪ ﺍﻟﻌﺎﻟﻴﻪ 
ﺒﺎﺴﺘﺜﻨﺎﺀ . ﻜﺎﻥ ﻟﻠﻤﻭﺍﺴﻡ ﺍﻟﺯﺭﺍﻋﻴﻪ ﺘﺄﺜﻴﺭﺍ ﻤﻌﻨﻭﻴﺎ ﻋﻠﻲ ﻤﺘﻭﺴﻁ ﺍﻟﺘﻭﺍﺯﻨﺎﺕ ﻟﻠﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﻪ ﻗﻴﺩ ﺍﻟﺩﺭﺍﺴﻪ
ﻜﺎﻥ ﺘﻭﺍﺯﻥ ﺍﻟﻜﺭﺒﻭﻥ ﻤﻭﺠﺒﺎ ﻓﻲ ﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﻭﺍﻟﺫﻱ ﻜﺎﻥ ﺘﻭﺍﺯﻨﻪ ﻤﻭﺠﺒﺎ ﻓﻲ ﺍﻟﻤﻭﺍﺴﻡ ﺍﻟﺯﺭﺍﻋﻴﻪ ﺍﻟﺜﻼﺜﻪ 
 884-,604,4241    ﺤﻭﺍﻟﻲ  ﺍﻟﻤﻭﺴﻤﻴﻥ ﺃﻷﻭل ﻭﺍﻟﺜﻠﺙ ﻭﺴﺎﻟﺏ ﻓﻲ ﺍﻟﻤﻭﺴﻡ ﺍﻟﺜﺎﻨﻲ ﺒﻤﺘﻭﺴﻁﺎﺕ ﺒﻠﻐﺕ
 
 
 
 
 
ﻤﺘﻭﺴﻁ ﺘﻭﺍﺯﻥ ﺍﻟﻔﺴﻔﻭﺭﻜﺎﻥ ﻤﻭﺠﺒﺎ ﻓﻲ ﺍﺍﻟﻤﻭﺴﻡ ﺍﻷﻭل، ﺴﺎﻟﺒﺎ ﻓﻲ . ﻋﻠﻲ ﺍﻟﺘﻭﺍﻟﻲ ﺴﻨﻪ/ﻫﻜﺘﺎﺭ/ﻜﻠﺠﻡ 
ﺘﻭﺍﺯﻥ . ﺴﻨﻪ ﻋﻠﻲ ﺍﻟﺘﻭﺍﻟﻲ/ﻫﻜﺘﺎﺭ/ﻜﻠﺠﻡ; 01- ,91- ,5ﺍﻟﻤﻭﺴﻤﻴﻥ ﺍﻟﺜﺎﻨﻲ ﻭﺍﻟﺜﺎﻟﺙ ﺒﻤﺘﻭﺴﻁﺎﺕ ﺒﻠﻐﺕ 
ﺴﺎﻟﺒﺎ ﻓﻲ ﺍﻟﻤﻭﺴﻡ ﺍﻟﺜﺎﻨﻲ ﻭﻤﺘﻌﺎﺩﻻ ﻓﻲ ﺍﻟﻤﻭﺴﻡ ﺍﻟﺜﺎﻟﺙ ، ﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ ﻜﺎﻥ ﻤﻭﺠﺒﺎ ﻓﻲ ﺍﻟﻤﻭﺴﻡ ﺍﻷﻭل
  .ﻋﻠﻲ ﺍﻟﺘﻭﻟﻲ، ﺴﻨﻪ/ﻫﻜﺘﺎﺭ/ ﻜﻠﺠﻡ 0.0 ,72- ,73:ﺒﻤﺘﻭﺴﻁﺎﺕ ﺒﻠﻐﺕ
.  ﺃﻅﻬﺭﺕ ﺍﻟﻨﺘﺎﺌﺞ ﺍﻥ ﻨﻅﻡ ﺇﺩﺍﺭﻩ ﺃﻷﺭﺽ ﻟﻬﺎ ﺘﺎﺜﻴﺭ ﻭﺍﻀﺢ ﻋﻠﻲ ﻤﺨﺯﻭﻥ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﻴﺌﻪ ﻓﻲ ﺍﻟﺘﺭﺒﻪ
 ﺴﻡ ﺇﺘﻀﺢ ﺍﻥ 03ﺩ ﺨﺼﻡ ﺍﻟﺘﻭﺍﺯﻥ ﺍﻟﻨﺎﺘﺞ ﻟﻠﻤﻭﺍﺩ ﺍﻟﻤﻐﺫﻴﺔ ﻗﻴﺩ ﺍﻟﺒﺤﺙ ﻤﻥ ﻤﺨﺫﻭﻨﻬﺎ ﻋﻠﻲ ﻋﻤﻕ ﺒﻌ
ﻨﻘﺹ ﻤﺨﺯﻭﻥ ﺍﻟﻜﺭﺒﻭﻥ ﺒﻨﺴﺒﻪ  .ﺍﻟﻤﺨﺯﻭﻨﺎﺕ ﺍﺴﺘﻨﻔﺫﺕ ﺒﺸﻜل ﻤﻠﺤﻭﻅ ﺘﺤﺕ ﺃﻨﻅﻤﺔ ﺍﻟﻤﺤﺼﻭل ﺍﻟﺼﺎﻓﻲ
ﻭﺍﻟﺤﺸﺎﺌﺵ ﺍﻟﺼﺎﻓﻴﻪ ( RP)، ﺍﻟﻜﺭﻜﺩﻱ ﺍﻟﺼﺎﻓﻲ (SP) ﻓﻲ ﺍﻟﺫﺭﻩ ﺍﻟﺼﺎﻓﻲ %6- ,%72- ,%94-
، ﺒﻴﻨﻤﺎ ﺯﺍﺩ RP ﻭSPﻓﻲ  %7-,%11- ﺨﺯﻭﻥ ﺍﻟﻨﻴﺘﺭﻭﺠﻴﻥ ﻨﻘﺹ ﺒﻨﺴﺒﻪ ﺃﻤﺎ ﻤ. ﻋﻠﻲ ﺍﻟﺘﻭﺍﻟﻲ( GP)
( RP)، (SP) ﻓﻲ %1- ,%42- ,%62-ﺃﻤﺎ ﻤﺨﺯﻭﻥ ﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ ﻓﻨﻘﺹ ﺒﻨﺴﺒﻪ. GP ﻓﻲ %1ﺒﻨﺴﺒﻪ 
 (RP) ﻓﻲ %901- ﻭ SP() ﻓﻲ %03- ﻤﺨﺯﻭﻥ ﺍﻟﻔﺴﻔﻭﺭ ﻨﻘﺹ ﺒﻨﺴﺒﻪ . ﻋﻠﻲ ﺍﻟﺘﻭﺍﻟﻲ( GP)ﻭ 
  (.GP)ﻭﻤﺘﻌﺎﺩﻻ ﻓﻲ ,
 ﻨﻤﻁ ﺍﻟﻨﻘﺹ ﺍﻭ ﺃﻷﻀﺎﻓﻪ ﻟﻌﻨﺼﺭ ﻤﻥ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻲ ﻤﺨﺫﻭﻨﻪ ﻓﻲ ﻓﻲ ﺍﻷﻨﻅﻤﺔ ﺍﻟﺘﻲ ﺒﻬﺎ ﺃﺸﺠﺎﺭ ﻓﺎﻥ
ﺍﻟﺘﺭﺒﻪ ﻓﻜﺎﻥ ﻏﻴﺭ ﻤﺴﺘﻘﺭ ﻭﻟﻜﻥ ﺇﻋﺘﻤﺩ ﺒﺸﻜل ﻭﺍﻀﺢ ﻋﻠﻲ ﻨﻭﻉ ﺍﻟﻤﺤﺼﻭل، ﻜﺜﺎﻓﺔ ﺍﻟﺸﺠﺭﻩ، ﻜﻤﻴﺔ ﺍﻟﻤﺎﺩﺓ 
ﻭﺠﺩﺕ DH ﻓﻲ ﻨﻅﻡ ﺍﻟﺫﺭﻩ ﻤﻊ ﻜﺜﺎﻓﻪ ﺍﺸﺠﺎﺭ ﻋﺎﻟﻴﻪ. ﺍﻟﺠﺎﻓﺔ ﺍﻟﻤﻨﺘﺠﺔ ﻭﺘﺭﻜﻴﺯﺍﺕ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﻪ ﻓﻴﻬﺎ
. ﺒﻭﻥ، ﺍﻟﻨﻴﺘﺭﻭﺠﻴﻥ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ، ﺒﻴﻨﻤﺎ ﺍﻟﻔﺴﻔﻭﺭ ﻜﺎﻥ ﻤﺘﻌﺎﺩﻻ ﻟﻠﻜﺭ%11 %82 ,%03ﺇﻀﺎﻓﻪ ﺒﻨﺴﺒﻪ 
 ﻟﻠﻜﺭﺒﻭﻥ ﻭﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﺒﻴﻨﻤﺎ %1 ,%61 ﻭﺠﺩﺕ ﺇﻀﺎﻓﻪ ﺒﻨﺴﺒﻪ DLﺍﻟﺫﺭﻩ ﻤﻊ ﻜﺜﺎﻓﻪ ﻤﻨﺨﻔﻀﻪ  ﻓﻲ ﻨﻅﻡ
ﻓﻲ ﺍﻟﻜﺭﻜﺩﻱ ﻤﻊ ﻜﺜﺎﻓﻪ .  ﻋﻠﻲ ﺍﻟﺘﻭﺍﻟﻲ%34- ,%24-ﻤﺨﺯﻭﻨﻲ ﺍﻟﻔﺴﻔﻭﺭ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ ﻨﻘﺼﺕ ﺒﻨﺴﺒﻪ 
 ﻟﻠﻜﺭﺒﻭﻥ، ﺍﻟﻨﺘﺭﻭﺠﻴﻥ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ، ﺒﻴﻨﻤﺎ  %1 ,%42 ,%24 ﻭﺠﺩﺕ ﺃﻀﺎﻓﻪ ﺒﻨﺴﺒﻪDHﻋﺎﻟﻴﻪ 
 ,%9  ﻭﺠﺩﺕ ﺍﻀﺎﻓﻪ ﺒﻨﺴﺒﻪ DLﻓﻲ ﺍﻟﻜﺭﻜﺩﻱ ﻤﻊ ﻜﺜﺎﻓﻪ ﻤﻨﺨﻔﻀﻪ . %811-ﺍﻟﻔﺴﻔﻭﺭ ﺃﺴﺘﻨﻔﺩ ﺒﻨﺴﺒﻪ 
ﻓﻲ .  ﻋﻠﻲ ﺍﻟﺘﻭﺍﻟﻲ%9 ,%001ﻟﻠﻜﺭﺒﻭﻥ ﻭﺍﻟﻨﺘﺭﻭﺠﻴﻥ، ﺒﻴﻨﻤﺎ ﻨﻘﺹ ﺍﻟﻔﺴﻔﻭﺭ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ ﺒﻨﺴﺒﻪ %41
ل ﺍﻟﻌﻨﺎﺼﺭ ﻗﻴﺩ ﺍﻟﺩﺭﺍﺴﻪ ﺇﻻ ﺍﻨﻬﺎ ﻜﺎﻨﺕ ﺃﻨﻅﻤﺔ ﺍﻟﺤﺸﺎﺌﺵ ﻤﻊ ﺃﻟﺸﺠﺎﺭ ﻜﺎﻨﺕ ﻫﻨﺎﻟﻙ ﺍﻀﺎﻓﻪ ﻟﻤﺨﺯﻭﻨﺎﺕ ﻜ
  .DL ﻤﻘﺎﺭﻨﻪ ﻤﻊ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﻤﻨﺨﻔﻀﻪ  DH ﺃﻋﻠﻲ ﻨﺴﺒﻴﺎ ﻓﻲ ﺍﻟﻨﻅﻡ ﺫﺍﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﺸﺠﺭﻴﻪ ﺍﻟﻌﺎﻟﻴﻪ
 ﻟﻠﻌﻨﺎﺼﺭ citsimisseP  ﻭﺍﻟﺘﺸﺎﺅﻤﻲcitsimitpoﺃﻅﻬﺭ ﺘﺤﻠﻴل ﺍﻟﺤﺴﺎﺴﻴﺔ ﺒﺄﻥ ﺍﻟﺘﻭﺍﺯﻨﻴﻥ ﺍﻟﺘﻔﺎﺅﻟﻲ
ﻫﺫﺍ ﻴﺸﻴﺭ ﺍﻟﻲ ﺍﻥ ﺍﻟﺘﻭﺍﺯﻥ . ﺼﻭل ﺍﻟﻨﻘﻲﺍﻟﻐﺫﺍﻴﻪ ﻜﺎﻨﺎ ﺴﺎﻟﺒﻴﻥ ﻓﻲ ﻜل ﻨﻅﻡ ﺍﺩﺍﺭﻩ ﺃﻷﺭﺽ ﺫﺍﺕ ﺍﻟﻤﺤ
ﺍﻟﻐﺫﺍﺌﻲ ﻟﻠﻌﻨﺎﺼﺭ ﻓﻲ ﻫﺫﻩ ﺃﻷﻨﻅﻤﻪ ﺤﺴﺎﺱ ﻷﻨﺘﺎﺠﻴﺔ ﺍﻟﻤﺤﺎﺼﻴل، ﻭﻟﻜﻤﻴﺎﺕ ﺍﻟﻤﺎﺩﻩ ﺍﻟﻌﻀﻭﻴﺔ ﺍﻟﻤﺨﺭﺠﻪ 
ﻓﻲ ﻜل ﺍﻷﻨﻅﻤﺔ ﺍﻟﺘﻲ ﺒﻬﺎ ﺃﺸﺠﺎﺭ ﺍﻟﻤﺯﺭﻭﻋﺔ ﺍﺘﻀﺢ ﺍﻥ ﺃﺴﺘﻤﺭﺍﺭﻴﺔ ﺃﺴﺘﻌﻤﺎل ﺍﻷﺭﺽ ﻤﻬﺩﺩﻩ . ﻤﻨﻬﺎ
ﺍﻟﺘﻭﺯﻥ )ﺎﺕ ﺍﻷﻨﺘﺎﺠﻴﺔ ﺍﻟﻤﻨﺨﻔﻀﺔ ﻋﻨﺩ ﻤﺴﺘﻭﻴ. ﺒﺎﻟﺘﻭﺍﺯﻥ ﺍﻟﺴﺎﻟﺏ ﻟﻌﻨﺼﺭﻱ ﺍﻟﻔﺴﻔﻭﺭ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ
ﻋﻨﺩ ﻤﺴﺘﻭﻴﺎﺕ ﺍﻷﻨﺘﺎﺠﻴﺔ . ﻓﺎﻥ ﺍﻟﺘﻭﺍﺯﻥ ﺍﻟﺴﺎﻟﺏ ﻟﻠﻔﺴﻔﻭﺭ ﻴﺼﺒﺢ ﻤﻬﺩﺩﺍ ﻟﻜل ﻨﻅﻡ ﺍﻟﻜﺭﻜﺩﻱ( ﺍﻟﺘﻔﺎﺅﻟﻲ
 
 
 
 
 
ﻓﺎﻥ ﺍﻟﺘﻭﺍﺯﻨﺎﺕ ﺍﻟﺴﺎﻟﺏ ﻟﻠﻔﺴﻔﻭﺭ ﻭﺍﻟﺒﻭﺘﺎﺴﻴﻭﻡ ﺘﺼﺒﺢ ﻤﻬﺩﺩﻩ ﻷﺴﺘﻤﺭﺍﺭﻴﻪ ( ﺍﻟﺘﻭﺍﺯﻥ ﺍﻟﺘﺸﺎﺅﻤﻲ)ﺍﻟﻌﺎﻟﻴﺔ 
ﺒﻴﻨﻤﺎ ﺍﻟﺘﻭﺍﺯﻥ ﺍﻟﺴﺎﻟﺏ ﻟﻠﻜﺭﺒﻭﻥ ﻴﻜﻭﻥ ، ﻨﺨﻔﻀﻪﻨﻅﻡ ﺍﻟﺫﺭﻩ ﻭﺍﻟﻜﺭﻜﺩﻱ ﻤﻊ ﺍﻟﻜﺜﺎﻑ ﺍﻟﺸﺠﺭﻴﻪ ﺍﻟﻌﺎﻟﻴﻪ ﻭﺍﻟﻤ
ﻋﻤﻭﻤﺎﹰ ﺍﻟﺘﻭﺍﺯﻥ ﺍﻟﻐﺫﺍﺌﻲ ﻟﻠﻌﻨﻠﺼﺭ ﻗﻴﺩ . ﻤﻬﺩﺩﺍ ﻷﻨﻅﻤﻪ ﺍﻟﻤﺤﺼﻭﻟﻴﻥ ﺘﺤﺕ ﺍﻟﻜﺜﺎﻓﻪ ﺍﻟﺸﺠﺭﻴﻪ ﺍﻟﻤﻨﺨﻔﻀﻪ
ﺍﻟﺩﺭﺍﺴﻪ ﻟﻜل ﺃﻷﻨﻅﻤﻪ ﺘﻌﺘﻤﺩ ﺒﺸﻜل ﻤﻠﺤﻭﻅ ﻋﻠﻲ  ﺍﻟﻜﻤﻴﺎﺕ ﺍﻟﺩﺍﺨﻠﻪ ﻭﺍﻟﺨﺎﺭﺠﻪ ﻤﻥ ﻫﺫﻩ ﺃﻻﻨﻅﻤﻪ 
  .ﻭﻤﺴﺎﺭﺍﺘﻬﺎ
  -:ﺨﻠﺼﺕ ﺍﻟﺩﺭﺍﺴﻪ ﺍﻟﻲ ﺃﻻﺘﻲ
ﺔ ﺇﺩﺍﺭﺓ ﺍﻷﺭﺽ ﻗﻴﺩ ﺍﻟﺩﺭﺍﺴﺔ ﻫﻲ ﺃﻨﻅﻤﺔ ﺫﺍﺕ ﻤﺩﺨﻼﺕ ﻤﻨﺨﻔﻀﻪ ﻟﻬﺫﺍ ﻓﺎﻥ ﺍﻀﺎﻓﻪ ﻋﻨﺎﺼﺭ ً ﻜل ﺃﻨﻅﻤ
  .ﻏﺫﺍﺌﻴﻪ ﻟﻬﺫﻩ ﺍﻷﻨﻅﻤﺔ ﻴﺠﺏ ﺃﻥ ﻴﺅﺨﺫ ﻓﻲ ﺍﻷﻋﺘﺒﺎﺭ ﻟﻀﻤﺎﻥ ﺍﻨﺘﺎﺠﻴﻪ ﻤﺴﺘﺩﺍﻤﻪ
 ﺃﻭﻀﺤﺕ ﺍﻟﺩﺭﺍﺴﺔ ﻭﻻﻭل ﻤﺭﻩ ﻓﻲ ﺍﻟﺴﻭﺩﺍﻥ ﻤﻨﻬﺞ ﻭﻁﺭﻴﻘﺔ ﻟﺘﺨﻁﻴﻁ ﻭﺘﻘﻴﻡ ﺃﻨﺴﻴﺎﺏ ﻭﻤﻭﺍﺯﻨﻪ ﺍﻟﻌﻨﺎﺼﺭ 
 ﻭ ﺍﻟﺫﻱ ﻴﻤﻜﻥ ﺃﻥ ﻴﺤﺘﺯﻱ ﺒﻪ ﻟﺩﺭﺍﺴﻪ ﺍﻨﻅﻤﺔ ﺍﻷﺨﺭﻱ ﻓﻲ ﺍﻟﻐﺫﺍﺌﻴﻪ ﻓﻲ ﺒﻌﺽ ﻨﻅﻡ ﺍﺩﺍﺭﻩ ﺃﻷﺭﺽ
  .ﺍﻟﻤﻨﻁﻘﺔ ﺃﻭ ﻓﻲ ﺍﻟﻘﻁﺭ ﺒﺼﻭﺭﻩ ﻋﺎﻤﻪ
 ﺒﺎﻟﺭﻏﻡ ﻤﻥ ﺍﻟﻁﺒﻴﻌﺔ ﺍﻟﺘﺸﺨﻴﺼﻴﺔ ﻟﻠﺩﺭﺍﺴﺔ ﺍﻭﻀﺤﺕ ﺍﻟﺩﺭﺍﺴﻪ ﺒﺎﻥ ﺍﻟﻤﻴﺯﺍﻥ ﺍﻟﻐﺫﺍﺌﻲ ﺃﻷﻨﻤﻭﺯﺝ ﻴﻤﻜﻥ ﺍﻥ 
ﻴﺴﺘﺨﺩﻡ ﻟﺘﺤﺩﻴﺩ ﺍﻟﻤﺩﺨﻼﺕ ﻭﺍﻟﻤﺨﺭﺠﺎﺕ ﻭﺍﻟﻤﺴﺎﺭﺍﺕ ﺍﻟﻤﻬﻤﻪ ﻟﻠﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻪ ﻜﻤﺎ  ﻭﻴﻤﻜﻥ ﺃﻥ ﻴﺴﺘﻌﻤل 
  .ﻤﺅﺸﺭﻟﺘﻘﻴﻡ ﺍﺴﺘﺩﺍﻤﻪ ﻨﻅﻡ ﺍﺩﺍﺭﻩ ﺃﻷﺭﺽ ﻭﻜﺄﺩﺃﺓ ﻷﺩﺍﺭﺓ ﺍﻟﻌﻨﻠﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﻪ ﺩﺍﺨل ﺍﻟﻤﺯﺭﻋﺔﻜ
ﺘﻭﺼﻲ ﺍﻟﺩﺭﺍﺴﻪ ﺒﺎﺠﺭﺍﺀ ﻤﺯﻴﺩ ﻤﻥ ﺍﻟﺒﺤﺙ ﻟﺘﺤﺴﻴﻥ ﺍﻟﻔﻬﻡ ﻭﺘﺤﻴﺩ ﺍﻟﺘﺩﻫﻭﺭ ﺒﻌﻴﺩ ﺍﻟﻤﺩﻱ ﻭﻤﻌﺭﻓﻪ ﻤﺩﻱ 
ﻭﺫﻟﻙ ﻷﻥ .ﺘﺎﺜﻴﺭ ﺍﻟﻤﺨﺯﻭﻨﺎﺕ ﺍﻟﻐﺫﺍﺌﻴﻪ ﻓﻲ ﺍﻟﺘﺭﺒﻪ ﻭﺍﻟﻤﻨﺎﺥ ﻭﻨﻅﻡ ﺍﺴﺘﺨﺩﺍﻡ ﺃﻷﺭﺽ ﻋﻠﻲ ﻫﺫﺍ ﺍﻟﺘﺩﻫﻭﺭ
ﺼﺎﺌﺹ ﺩﻭﺭﺓ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﻪ  ﻓﻲ ﻨﻅﻡ ﺇﺩﺍﺭﺓ ﺍﻷﺭﺽ ﺍﻟﻤﺨﺘﻠﻔﺔ ﻴﺴﺎﻋﺩ ﻓﻲ ﺇﺨﺘﻴﺎﺭ ﻤﻌﺭﻓﺔ ﺨ
  .ﺍﺴﺘﺭﺍﺘﻴﺠﺎﺕ ﺇﺩﺍﺭﻩ ﺘﺤﻔﻅ ﻭﺘﺒﻘﻲ ﻋﻠﻲ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻐﺫﺍﺌﻴﻪ ﻓﻲ ﺍﻻﻨﻅﻤﻪ ﺍﻟﻤﻌﻨﻴﻪ
ﺘﺅﻜﺩ ﺍﻟﻨﺘﺎﺌﺞ ﻋﻠﻲ ﺃﻫﻤﻴﺔ ﺩﻋﻡ ﺍﻟﺒﻴﺎﻨﺎﺕ ﺍﻟﺒﺎﻴﻭﻟﻭﺠﻴﻪ ﺒﺎﻟﻌﻭﺍﻤل ﺍﻷﻗﺘﺼﺎﺩﻴﺔ ﺍﻷﺠﺘﻤﺎﻋﻴﺔ ﻟﺘﺸﺨﻴﺹ 
ﺍﻟﺒﻴﺎﻨﺎﺕ ﺍﻟﻤﺴﺘﻘﺎﻩ ﻤﻥ ﻤﺜل ﻫﺫﻩ ﺍﻟﺩﺭﺍﺴﺎﺕ ﻴﻤﻜﻥ ﺍﺴﺘﺨﺩﺍﻤﻬﺎ .  ﺍﻟﺩﺭﺍﺴﺔﻭﻤﺘﺎﺒﻌﻪ ﺘﺩﻫﻭﺭ ﺍﻟﺘﺭﺒﻪ ﻓﻲ ﻤﻨﻁﻘﺔ
ﻓﻲ ﺍﺒﺘﻜﺎﺭ ﺤﺯﻡ ﺘﻘﻨﻴﻪ ﺘﺘﻼﺌﻡ ﻤﻊ ﺍﻟﻅﺭﻭﻑ ﺍﻟﻁﺒﻴﻌﻴﻪ ﻟﻠﻤﻨﻁﻘﻪ ﻭﺍﻟﺨﻠﻔﻴﺎﺕ ﺃﻷﻗﺘﺼﺎﺩﻴﻪ ﻭﺃﻷﺠﺘﻤﺎﻋﻴﻪ 
  .ﻟﻠﻤﺯﺍﺭﻋﻴﻥ ﻟﺘﺤﺴﻴﻥ ﺨﺼﻭﺒﻪ ﺍﻟﺘﺭﺒﻪ
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER I 
INTRODUCTION 
 
1.1 Backgrounds and Context 
Last decade there was growing global concerns for environmental deterioration, 
loss of biological diversity, land degradation, pollution from excessive fertilizer 
use and pesticides and shortage of food supplies (UNCED, Agenda 21 1992). The 
United Nations Conference on Environment and Development (UNCED) held in 
Rio de Janeiro in June 1992 discussed several issues regarding the above-
mentioned topics of utmost concern to international community. Amongst those, 
two topics have received a great deal of priority. These are: “Sustainable 
Agriculture and Development” and “Land Resource Planning and Management”. 
Within the context of the above broad topics the problem of land degradation and 
associated disadvantages to global food security and environmental deterioration 
had been given much attention.  
 
Agenda 21 the major outcome of the above conference and its chapters are all of 
central concerns to Sudan. Chapter 14, which is the main concern of this study, 
focusing on “Promoting Sustainable Agriculture and Rural Development”outlines 
the main issues, objectives and actions required to achieve, or at least move 
towards, sustainable development in the 21st century. Furthermore, it calls for an 
improved nutrient efficiency, a transition towards organic fertilizers and less use of 
external production means (among others, inorganic fertilizers) (UNCED, Agenda 
21, 1992).  
 
Within the context of sustainable agriculture and development the problem of land 
degradation had been given a great deal of attention. Subsequently, its consequent 
effects on human livelihood as indicated by increased global worming, loss of bio-
diversity, decreased soil fertility and hence food security, have been the major 
 
 
 
 
 
concern of policy makers and scientific communities worldwide and have been 
discussed in several international and regional fora (Cakmak, 2002; Lal, 2001).  
 
1.2 Land Degradation and Sustainable Agriculture in Dry lands 
Dry lands can be defined by aridity index which represents the ratio of 
precipitation to potential evapo-transpiraton (P/PET) with values <0.05 for hyper-
arid, <0.20 for arid and 0.20-0.50 for semi-arid climates (Robert, 2001). The soils 
of these regions can be characterized by frequent drought stress, low organic 
content, low nutrient reserves especially low nitrogen contents (Lal, 2001). 
 
Land degradation has been defined as a reduction in the soil capacity to produce in 
terms of quality, quantity, goods, and services through a series of interrelated 
biological, physical and/or chemical processes initiated by human and/or natural 
factors (Lal, et al., 1998; Young, 2000; Eswaran, et al., 2001). Land degradation 
implies the lowering of the current or potential capability of a land area to serve a 
desired function, including different uses such as agriculture, transport, 
construction, and recreation (Young, 2000). Soil degradation on the other hand, is 
the lowering of the current or potential capability of a soil as a medium for 
producing plant material of desired quantity and quality (Lal, 2001; Young, 2000).  
 
Within the drylands of the world the semi-arid areas are some of the most fragile 
lands on earth and have highly erratic crop yield because of inadequate rainfall and 
poor soil quality (Lal, 2001). In these areas soil productivity is decreasing due to 
enhanced soil degradation in the form of erosion, nutrient depletion, water scarcity, 
acidity, salinzation, depletion of organic matter and poor drainage (Cakmak, 2002; 
Lal, 2001). Furthermore, in these areas soil quality is difficult to maintain because 
the majority if not all of the crop residues is utilized for fuel and/or animal feed 
instead of being returned to the land. Therefore, there is a great need to identify the 
factors that sustain production, especially in terms of soil quality (Young, 2000).  
 
 
 
 
 
 
There are numerous soil quality indicators which can be assessed and used as tools 
to determine whether the soil under a particular land use is sustainable or not 
(Young, 2000; Stoorvogel and Smaling, 1998). These include among others, soil 
structure, soil physical condition, biological diversity and soil fertility “nutrient 
status and dynamics”. The impetus to assess soil fertility status in agricultural 
systems is in many ways driven by the needs to manage soil for sustainable 
production to feed growing population and conserve resource base for the future 
generation (Cakmak, 2002, Scherr, 1999).  
 
Soil degradation resulting from cropping or changed land use has frequently been 
demonstrated in sub-Saharan Africa but mostly on research stations or under 
controlled conditions (Krogh, (1997). Soil degradation resulting from nutrient 
depletion in sub-Saharan Africa has been documented on various scales including 
regional, village, and farm and plots levels (Ramisch, 1999; Scoones and Toulmin, 
1999; Krogh, 1997; Smaling, 1998; Smaling et al., 1993; Stoorvogel et al., 1993; 
Van der Pol, 1992; Stoorvogel and Smaling, 1990; 1998).  
 
The magnitude of nutrients mining as a result of crop harvest and land use changes 
in dry lands Africa is huge particularly in sub-Saharan Africa (Sanchez, 2002; 
Defoer and Budelman, 2000; Scoones, 2001). For the whole continent the average 
annual loss was estimated as 22 kg ha-1 yr-1, 2.5 kg ha-1 yr-1 and 15 kg ha-1 yr-1 for 
N, P and K, respectively (Stoorvogel and Smaling, 1990). At regional levels for 
example, in Southern Mali, Van der Pol (1992) found that a major part of farmers' 
income is obtained on the expenses of soil fertility or soil mining. Generally, 
however, most of nutrient balance studies in Africa have revealed that there are 
relatively low nutrient stocks and declining productivity with negative nutrient 
balances in the major macronutrients (nitrogen, phosphorus, and potassium). Also, 
the studies have concluded that nutrient depletion is one of the major forms of soil 
degradation and declined soil fertility, resulting mainly from imbalance between 
nutrients inputs and outputs of soil-plant-systems (Sanchez, 2002; Sanchez et al., 
 
 
 
 
 
1997). Sanchez et al., (1995) undeniably stated that soil fertility depletion is the 
fundamental biophysical cause for declined per capita food production in 
smallholder farmers in Africa.  
 
1.3 Problem Setting and Justifications of the Study 
Land degradation and soil fertility decline in the Sudan is not an exception from 
the African drylands. Ayoub, (1998) extensively reviewed the extent, severity and 
causative factors of land degradation in Sudan. The Sudan that has an area of 2.5 
million km2 encompasses the largest dry lands in Africa (1.6 million km2). This is 
equal to 63% of the total area of the country, where 82% of the population live. 
The most degraded zones (74% of total) are the arid and semi-arid zones where 
76% of human population of the country lives. Wind erosion was the main cause 
of soil degradation in the arid zone while water erosion was the dominant cause in 
the semi-arid zones (Ayoub, 1998).  
 
Land degraded by overgrazing (which is a wide spread cause of soil degradation) 
accounts for 30 million ha (47%) of the total degraded areas in the country, 
followed by clearing of vegetation for various uses (22 million ha) and cultivation 
in absence of external nutrient inputs (22 million ha). These forms of degradation 
were, particularly serious in small-scale farms on sandy and loamy soils 
(Arenosols), which represent about 28 million ha in area. Land degradation is 
clearly related to agricultural activities and deforestation at ratios of 45 and 55%, 
respectively, particularly in the dry sub-humid and moist sub-humid zones.  
 
Soil degradation due to nutrient depletion is found all over the Sudan but is largely 
critical in the arid and semi-arid parts in Kordofan and Darfur, the sub-humid 
zones of southern and southwestern Sudan. It has been identified as one of the 
major biophysical constraint to food security and economic development in the 
agriculture dependant rural areas (Ayoub, 1998). Percentage-wise, nutrient 
depletion is about three times as high as the average of the world and over twice of 
 
 
 
 
 
that of Africa (Hilhorst, et al., 2004). This was attributed mainly to the very low 
fertilizer use in the Sudan. For example, currently it was estimated at less than 5 kg 
of plant nutrient per hectare. This, in turn, is equivalent to one quarter of Africa’s 
average fertilizer use, and less than one-fifth of the world average (Hilhorst, et al., 
2004). This depletion, however, has exacerbated poverty, which in turn has 
contributed to greater environmental degradation and land degradation.   
 
Northern Kordofan is representative for vast Sahelian zone with severe problems 
as poverty, famine, land degradation, deforestation, desertification and decreasing 
soil nutrient status (Olsson, 1997; Khogali, 1991; Olsson and Rapp, 1991). On 
account of this, land degradation, low productivity, poverty and decline in human 
welfare are the dominant problems of the crop production systems prevalent in 
most parts of the region.  
 
The farming systems in the semi-arid drylands of north Kordofan consist of crops 
and animal husbandry. Crop production system focuses on food crops such as 
millet "Pennisetium typhoides" sorghum "Sorghum bicolor" and cash crops such as 
sesame "Sesamum indicum" peanut "Arachis hypogaea" and roselle "Hibiscus 
sabdariffa". Crop production is mainly practiced on the sandy (Goz) soils. Acacia 
senegal is one of those valuable tree species, which had played and still is playing 
a vital role in the productivity and sustainability of these farming systems (El Huri, 
1979; 1986; Seif el Din, 1981; Awouda, 1990; Gerakis and Tsangerakis, 1970).  
 
Bush-fallow with Acacia senegal is a famous agroforestry system on the sand 
sheet (Goz) soils of north Kordofan, Sudan. The main two functions of the system 
are (1) to restore soil fertility and (2) to produce gum arabic (Seif el Din, 1981, El 
Huri, 1986). In addition to these two functions, the system provides other services 
such as fuel wood, fodder and other products (Jamal and Huntsingen, 1993; Seif el 
Din and Zarrog, 1996). The system follows a cultivation cycle, which is 15-20 
years, during which time A. senegal is grown for 12-15 years (Hussein, 1990). 
 
 
 
 
 
Agricultural crops (millet, sorghum, sesame, and ground nut) are grown for four to 
six years followed by five years with young unproductive trees which later 
produce gum during the last 10 years of the rotation.  
 
Over the years, the traditional bush-fallow system had ensured optimum and 
sustainable utilization of the natural resources, because both the gum production 
and the crop cultivation form the production components of the systems (Seif el 
Din and Zarrog, 1996; El Huri, 1986; Seif el Din, 1981). However, as long as the 
tree fallow is of sufficient duration to restore soil fertility to the extent that it can 
sustain many years of subsequent cropping this traditional system provides greatest 
benefit to both farmers and the environment (Deans et al., 1999). As no more land 
is available to maintain such a system, the tree rotation is shortened; continuous 
cultivation of the same fields becomes a common practice. This break down in the 
system has led to declined land productivity and food production (Jamal and 
Huntsingen, 1993; Olsson, 1993). A. senegal is the most important source of 
nutrients in the system. It has an important role in capturing and retention of 
nutrients and water in the system (Buresh and Tian, 1998). Removal of the tree 
component deprived the soils from the main sources of organic matter and 
subjected the sandy soils to serious translocation and rapid degradation. 
Subsequently, the ability of the sandy soils to supply plant nutrients was very 
much affected. This resulted in a considerable loss of important nutrients and 
significant drop in the productive capacity of the soil (Jamal and Huntsingen, 
1993; Olsson, 1993).  When considering the environmental damage that had 
inflicted the region as a result of successive droughts, deforestation and 
overgrazing, the current extensive use of the resource base, the sustainability of 
this system is questionable (Young, 2000; Sanchez, 2002; Vosti and Scherr, 1994; 
UNCED, 1992).  
 
On the accounts of the aforesaid attributes of sustainability and given the very 
short and/or no tree fallow, the current A. senegal bush-fallow system could be 
 
 
 
 
 
regarded as inefficient and incapable. Not only for meeting the food requirements 
of the growing population, but also for producing reasonable gum yield and 
improving the environmental characteristics of the ecosystem. Bunderson et al. 
(1990) were of the opinion that reasonable gum yields can be obtained when trees 
are 15 years of age and that reasonable soil amelioration would be at that length of 
time. Furthermore, modeling studies by Mobbs and Cannell (1995) demonstrated 
that, short duration tree fallow are ineffective in ameliorating soil. This is mainly 
ascribed to the fact that trees need to grow to a large size before amounts of 
nutrients recycled to soil via above- and below-ground litter inputs are large 
enough to compensate for nutrient uptake by the trees in the early years of the 
rotation. For this reason, land use sustainability of the current bush-fallow system 
with A. senegal is uncertain and warrants an in depth analysis. Therefore, attempts 
should be made to improve the efficiency of the system or to replace it with a more 
productive one. Such attempt should be based on a thorough understanding of the 
system’s nutrient status and dynamics.  
 
Realizing the imminent problem research has to be initiated to develop sustainable 
farming systems which conform to the biophysical environments and to the 
farmer’s socio-economic status. This was undeniably stated by Hussein (1990), 
that with increasing population and expansion in agriculture, a new system of land 
use should be established to maintain A. senegal and to satisfy the growing 
demands for food, fodder and feed. To do this the current systems need to be 
assessed for nutrient status and dynamics and farmers management strategies to 
sustain land productivity. Hence, there is great need to investigate the role of 
Acacia senegal within cropping fields and its contribution to nutrient dynamics. 
This is driven by the fact that the system is of major importance because it 
represents a relatively low-input intensive system for food and cash crops in low-
productivity sandy soils in a semi-arid environment. 
 
 
 
 
 
 
Research on nutrients inputs by woody perennials is useful in developing a 
package of cultural practices for judicious soil and crop management (Ghuman and 
Lal, 1990). Whilst, some information is available on the influence of A. senegal on 
soil properties (El Tahir et al., 2004; Daldoum and Nimer, 2002; Nimer, 2000; 
Hussein, 1990), little exists about nutrient status and dynamics of the species, 
whether in pure stands or in combination with agricultural crops. Also, little is 
known about the implications of these on the productivity and sustainability of the 
tree-based system. Furthermore, biomass production and nutrients contents and 
cycling were barely investigated. This information will provide an essential basis 
for understanding how the species could best be utilized for sustainable 
management of soil productivity and agricultural exploitation (Young, 2000; 
Sanchez, 2002). 
 
1.4 Approach and Aims of the Study 
Various methods have been used to assess changes in soil fertility due to cropping 
or land use changes, such as nutrient balance; rangeland: arable land ratio; soil 
erosion estimates; long-term monitoring of national level trends in grain yields 
(Toulmin and Scoones, 1999). However, the choice of a specific method depends 
on the spatial dimensions of the system being studied; the factors to be monitored; 
the time frame envisaged and baseline against which to assess trends (Stoorvogel 
and Smaling, 1990). More important, to arrive at sound conclusion on which to 
base sound interventions and management strategies, the method used need to be 
combined with assessment of soil changes, historical land uses and socio-
economic analysis (Toulmin and Scoones, 1999; Scoones and Toulmin, 1998; 
Stoorvogel and Smaling, 1990). 
 
Nutrient balances analyses (nutrient budgets) are some of the commonly used 
means of assessing rate of soil degradation and the sustainability of a land use 
system. The method has been used as a tool for assessing the sustainability of 
many land use systems in various parts of the world including Asia (Patanothai, 
 
 
 
 
 
1998; Frissel, 1978b), Africa (Smaling et al., 1999; Oenema and Heinen, 1999; 
Jagar, et al., 2001; Smaling, 1998), Europe (Topp et al., 2001; Janssen, 1999; 
Granstedt, 1997), and America (Jordan, 1985).  
 
It is possible to determine how soil nutrients levels are changing by analyzing the 
inflow and outflow of nutrients in the system, using a farm or a field as a unit of 
analysis. Uses of nutrient balance define the risk a system is exposed to and 
provide early indicator for technological intervention. Hence, in this study the 
aspects of the problem defined above require an understanding of the major 
interactions between plants, soils, and environmental conditions. This 
understanding will enable development of scientifically sound assessment of 
nutrient status of the systems and will help advocate acceptable interventions that 
will improve resource management (Defoer and Budelman, 2000; Toulmin and 
Scoones, 1999; Powell, et al., 1995). 
 
The principal objective of any cropping practice or soil management program is 
sustained profitable production (Young, 2000; Sanchez, 2002). Hence, planning 
for sustainable production on these semi-arid lands should take into consideration 
the dry matter production possible under nutrients limitations, water limitations 
and a combination of nutrient-water limitations (Felker et al., 1980). To carry out 
this assessment it is necessary to know the naturally occurring nutrients inputs and 
outputs flows to determine nutrient balance of the system (Sanchez and Palm, 
1997). Accordingly, in this study nutrient budgeting is envisioned as a suitable tool 
for quantifying nutrients addition and losses of the system to understand its 
nutrient dynamics. Consequently, this will help develop appropriate means to 
maintain nutrient status which is a key factor for high and sustainable production 
(Stoorvogel and Smaling, 1990). 
 
1.4.1 General Objectives 
 
 
 
 
 
Quantifiable estimates of current and future productivity potential of agricultural 
systems are essential in Africa for decision-making and planning from the field to 
the national level (Scoones and Toulmin, 1998). This is particularly so in Sudan 
where long-term studies on status of soils nutrients; crop and tree productivity are 
lacking. In response to these, this study has been conducted to investigate soil 
nutrient balance under A. senegal management systems on sandy soils in the semi-
arid areas. Hence, the two main objectives of this study were: 
1. To contribute to better understanding of nutrients status and dynamics under 
A. senegal tree-based systems compared to sole cropping and grass fallow. 
This was undertaken on the assertion that nutrient contents and distribution 
in any agro-ecosystem is an essential foundation for studying nutrient 
cycling (Sanchez and Palm, 1997).  
2. To demonstrate an approach and methodology for on-station assessment of 
the nutrient flows and balances, which may be applied to other systems in 
the region or in the country at large?  
 
1.4.2 Specific Objectives 
1. To assess the effects of land management systems on soil properties and 
crop yields. 
2. To assess nutrient flows and balances at land management systems and 
cropping seasons levels. 
3. To relate the nutrient balances obtained to the baseline nutrient stocks to 
improve understandings of the degree of nutrient exploitation by  the 
different land management systems. 
4. To quantify and examine the impact of variations in input and output 
parameters on the resulting nutrient balance, to shed light on the relative 
sensitivity of the model. 
 
1.4.3 Hypothesis of the Study 
 
 
 
 
 
1. Are there differential patterns in soil properties and crop yields between and 
within land management systems?  
2. Do land management systems and cropping seasons have significant effects 
on nutrient balances?  
3. Do land management systems have differential pattern of sustainability as 
regards nutrients depletion?  
4. Which nutrient pathways (input or output) have greater impacts on nutrient 
balances between and within land management systems?  
 
 
 
 
 
 
CHAPTER II 
LITERATURE REVIEW 
 
2.1 Nutrient Budget and Balances  
Scoones and Toulmin (1998) reported that, interest in resource balances in 
agricultural science dated back to the early 1830s when Boussingault set out 
experiments to draw up balance sheets to determine the effects of manure and 
other sources of nutrient supply (air, rain and soil) on crop production. 
Afterward, approaches to input-output analysis became a major focus of 
systems’ ecology, when energy, mineral nutrient and other cycles were 
identified, and static balance studies of different ecosystems carried out. More 
recently, in areas of high nitrate pollution, nutrient budgets are increasingly 
being used to monitor and control levels of discharge and limit adverse effects 
from high levels of use. However, it has only been in the last decade, that 
nutrient budget and balance analyses in Africa have come to the forefront 
(Scoones and Toulmin, 1998). This was prompted by the growing concerns for 
declined soil fertility and the great recognition of the limitations of standard 
chemical fertilizer testing programme. 
 
2.2 Concepts, Definition and Applications 
Nutrients’ budgeting is the process of quantifying nutrient gains and losses in 
a system to determine the net nutrient balance (Stoorvogel and Smaling, 1990; 
Frissel, 1978a). Nutrient budgets are land management planning tools 
commonly used to evaluate sustainable land management in agro-ecosystems 
and to develop sound nutrient management and sustainable agriculture 
(Gruhn et al., 2000; Stoorvogel and Smaling, 1990; Frissel, 1978a). Nutrient 
budgets are like financial budgets and commonly used in farming systems to: 
1. Identify appropriate nutrient management practices, 
2. Determine the sustainability of different farming practices, and 
 
 
 
 
 
3. Identify the potential impact that different agricultural systems have 
on the environment. 
Thus, nutrient budgets provide a relatively easily determined measure of the 
likely changes in the nutrient status of farms (Gruhn et al., 2000; Frissel, 
1978b). They can provide an early indication of potential problems arising 
from:  
1. Nutrient surplus (inputs > outputs), leading to an accumulation of 
nutrients (leading to eutrophication) and increased risk of loss and 
(environment contamination), or  
2. Nutrient deficit (outputs > inputs), depleting nutrient reserves and 
increasing the risk of deficiencies and reduced crop yields. 
 
These simple budgets help farmers and researchers to understand the factors 
influencing the farm nutrient status (Frissel, 1978b). In many developed 
countries, nutrient budgets are widely used as environmental indicators to 
monitor pollution due to intensive use of fertilizers and other inputs (Fortune 
et al., 2000; Gruhn et al., 2000; Watson and Stockdale, 1997; Van der Werff et 
al., 1995).  In many of these countries, nutrient budgets coupled with the 
results from soil testing are extensively used to assess farm fertilizer 
requirements and targeting nutrients most needed and in what quantities 
(OECD, 2001; Watson and Stockdale, 1997). These help reduce fertilizer 
losses to waterways and protecting water quality and stream life. Moreover, 
they provide regulatory authorities with a readily determined comparative 
indicator of environmental impact (Dobermann and Cassman, 2002). 
Consequently, regulation of fertilizer use through laws or taxes has become 
part of intensive agriculture in many of the developed countries (OECD, 
2001).  
 
2.3 Nutrient Balance Analysis 
 
 
 
 
 
The bottom-line for any nutrient budgeting process is the nutrient balance 
analysis, which provides information about the balance between inputs and 
outputs. It quantifies the flow of nutrients within specified agro-ecosystems 
(Gruhn et al., 2000; Frissel, 1978b). Nutrient balances are land quality 
indicators that describe the rate at which soil fertility changes under 
management (Gruhn et al., 2000). It can simply be calculated by subtracting 
the nutrients outputs from the nutrient inputs. They can be prepared for 
individual fields and/or for the whole farm in a worksheet format to account 
for all nutrient sources and adjust nutrient availability for the time-release 
pattern, and the knowledge of rates of nutrient removal by the previous crops 
(Gruhn et al., 2000; Frissel, 1978b). For a given period of time and a given 
area, nutrient balance can be stated as follows: - 
 
Net Nutrient Balance = Σ (Nutrient inputs) – Σ (Nutrient outputs) 
 
Nutrient balance estimates, for a given plant nutrient is determined by the 
difference between nutrient inputs and nutrient losses off-farm. Nutrient 
balance estimates can be negative (outputs > inputs), positive (inputs > 
outputs) or neutral (inputs = outputs) (Sanchez and Palm, 1996; Khanna, 
1998). This concept is summarized in a generic nutrient balance model 
developed by Stoorvogel and Smaling (1990) (see Fig. 3 Chapter III). It helps 
determine whether nutrients are used efficiently and indicates the amount of 
available nutrients, or those lost as a result of leaching and run off.  
 
2.3.1 Approaches and Methodologies for Nutrient Balances 
Numerous studies have been undertaken in different parts of the world to 
assess soil fertility status and dynamics using nutrients budgeting tools. These 
studies used different approaches and methodologies covering a wide range of 
situations with respect to size of the study areas, objectives, scale of 
applications and nutrients pathways (Roy et al., 2003). Generally, most of the 
 
 
 
 
 
approaches used search for a quantitative understanding of crop nutrient 
requirements and management across a wide range of environments (Scoones 
and Toulmin, 1998). Nonetheless, approaches to study nutrient balances can 
be determined by the scale of analysis, resources availability and the 
objectives of the end users (Scoones and Toulmin, 1998; Stoorvogel and 
Smaling, 1990). 
 
Generally, two approaches can be identified, these are “Blackbox” and 
“Compartment” approaches. Due to the complexity of the nutrients in soil 
plant system, many nutrient-budgeting exercises treat soil-dynamic processes 
as a ‘black box’ (Roy et al., 2003; Scoones and Toulmin, 1998). The “Black 
box” approach prevails at higher spatial scales of analysis and when no or few 
field measurements are conducted (Stoorvogel and Smaling, 1990). Under 
such circumstances the nutrient balance is simply calculated from the 
difference between inputs and outputs, without paying attention to processes 
within the box. In other words, no explanation of processes is sought at the 
underlying scales and the existing (point) data at underlying scale levels will 
be used to feed and set up the transfer functions (Stoorvogel and Smaling, 
1990). The internal processes making nutrients available to plants would 
include soil organic matter mineralization, release from soil matrix and 
biological fixation of atmospheric nitrogen (Buresh and Tian, 1998; Sanchez 
and Palm, 1997). At the same time nutrients can be lost from the system 
through processes like leaching, lateral flow, soil erosion and de-nitrification. 
Many of these processes cannot be measured easily in a rapid way (Scoones 
and Toulmin, 1998). The compartment approach on the other hand considers 
nutrient pools or compartments which are connected by nutrient pathways 
and transfer rates (Scoones and Toulmin, 1998). Hence, this approach allows 
the calculation of output/input ratios for the whole agro-ecosystem as well as 
for each compartment. In this case, data acquisition can be easy, but can also 
involve complex biogeochemical processes, involving considerable amounts of 
 
 
 
 
 
money, research and data collection time (Roy et al., 2003; Scoones and 
Toulmin, 1998).  
  
Generally, two types of methods are used to estimate nutrients accumulation 
or losses at a specific scale (Roy et al., 2003; Smith, 2001; Scoones and 
Toulmin, 1998). Those that measure “stocks” of nutrients and those that 
measure “fluxes” of nutrients into and out of a given ecosystem. Differences in 
nutrients stocks at the beginning and at the end of the specified period would 
simply be interpreted as the amount removed or added. Alternatively, 
measuring the flux of nutrients into or out of a soil system over the specified 
period will also produce the net change.  
According to several authorities (Smith, 2001; Possuart, 2002; Oenema and 
Heinen, 1999; Scoones and Toulmin, 1998) both types of methods have some 
disadvantages. These may include: 
1. The assessment of nutrients’ stocks through direct measurement is 
costly; impracticable for assessment at large scale levels (district, 
ecosystems level) and hence transfer functions based on assumptions 
were increasingly used to perform the assessment. 
2. On the other hand, methods of flux measurements are not yet 
sufficiently reliable to be used as the primary nutrients assessment 
method. Further, because soil-plant system is dynamic, it is difficult to 
separate out the different contribution of soils, roots and aboveground 
components. Nonetheless, due to development in technologies, now they 
are very efficient in Europe, USA and elsewhere in some developed 
countries.  
3. Another important disadvantage of flux methodology is that flux 
measurement equipments remain very expensive and are not accessible 
for many researchers. 
 
2.3.2 Principles and Procedures for Nutrient Balance Analysis 
 
 
 
 
 
In general, the majority of nutrient budgeting studies follow fairly simple 
principles. The first most important step in any nutrient balance analysis is 
the identification of system boundaries and its sub-components (Frissel, 1978; 
Scoones and Toulmin, 1998). Approaches to the identification of the systems 
and their components can either be researcher-led or farmer-led, but in most 
cases the system boundaries, its sub-components and the various nutrient 
inputs and outputs are defined by the researcher (Scoones and Toulmin, 
1998). However, in very few cases farmers had been involved in this process. 
In the farmer-led approach, farmers are asked to identify the different farm 
section units, primary production units, secondary production units, nutrient 
redistribution units, their interrelationships and their relationship with the 
outside (Valming et al., 2001). Nevertheless, the best approach should reflect 
the objectives and requirements of the researcher and other users, and 
generally addresses the spatial scale and time scale of the study (Stoorvogel 
and Smaling, 1990).  
 
The second important step is the identification of the key inputs and outputs 
and main pathways in various sub-components of the identified bounded 
system. Another essential step is the estimation of flows of one or more 
nutrients. Generally, macronutrients such as N, P and K have received 
greater concerns in many of the nutrient budget exercises in many developing 
countries (Scoones and Toulmin, 1998). While, in many developed countries 
both macro- and micronutrients such as Mo, Co, B have received great deal of 
research, especially on organic farms (Stockdale and Watson, 1997). 
Conversely, most of the nutrient budget studies paid less attention to organic 
matter and carbon balances (Scoones and Toulmin, 1998).   
 
Finally, the estimation of nutrient flows can either be obtained through direct 
measurements or through literature estimates based on standard functions 
(transfer functions) using available data (Stoorvogel and Smaling, 1990). 
 
 
 
 
 
Application of transfer functions is particularly useful in situations where 
appropriate equipments are not accessible to researchers to measure those 
input and output parameters such as volatilization, atmospheric deposition, 
N-fixation, denitrification and erosion losses. In situations where data is not 
available or difficult to collect, particularly for larger scale analyses, data 
from smaller scales is extrapolated and the final balances of the system are 
obtained through summation using all estimates for each identified nutrient 
(Scoones and Toulmin, 1998). For example, the extrapolation of balances 
established at the field scale to the village territory was undertaken by Krogh 
(1997) in Burkina Faso for N and P; by Ramisch (1999) in Mali for C, N, P 
and K and by Manlay et al. (2000, 2002a,b) in Senegal for C, N and P. 
Extrapolation of balances from the field to the scale of districts, countries and 
to Sub-Saharan Africa as a whole, respectively, was undertaken by Smaling et 
al. (1993) and by Stoorvogel and Smaling (1990) for N, P and K.  
 
2.3.3 Scale of Analysis 
Assessment of soil nutrient balances has been carried out at several scales in a 
variety of agro-ecosystems worldwide. Scoones and Toulmin, (1998) reviewed 
soil nutrient budgets and balances studies carried out in different African 
countries with their implications for policy. Frissel, (1978b) reviewed similar 
studies in Southeast Asia. Nevertheless, nutrient budgeting can be carried out 
at different scales based on objectives and management strategies (Scoones 
and Toulmin, 1998; Stoorvogel and Smaling, 1990). The assessment can be 
carried at micro-level (plot, field, farm, and village), meso-level (community, 
land use, landscape, district), and at macro-level (regional, sub-continental, 
supra-national levels) and the integration of different scales (Roy, et al., 2003). 
At the micro-levels two types of balances can be calculated. These are: partial 
and full balances.  
1. Partial balance can be used for comparing between farms and villages. 
This balance includes only input1 (IN1) (mineral fertilizer), input2 
 
 
 
 
 
(IN2) (organic fertilizers), output1 (OUT1) (harvested products), and 
output2 (OUT2) (crop residues). These flows are the ones that are most 
management related and they are called “easy-to-measure” nutrient 
flows. These easy to measure flows can be quantified from farm survey 
data and can also be expressed in monetary or labor units (Roy et al., 
2003).  
2. Full balance is the type of nutrient balance which, beside considering 
the easy to measure flows, takes into account other flows: input3 (IN3), 
input4 (IN4), input5 (IN5), input6 (IN6); output3 (OUT3), output4 
(OUT4), output5 (OUT5) and output6 (OUT6). These are: atmospheric 
deposition, biological N-fixation, sedimentation, sub-soil exploitation; 
leaching, gaseous losses, erosion and human excreta, respectively. 
These flows are most environmentally related and described as 
“difficult-to-measure” flows. They are not normally measured but 
estimated with transfer functions.  
 
Different scale levels and some of the objectives for the estimation of soil 
nutrient depletion are summarized by Stoorvogel and Smaling, (1990). 
However, all these levels encounter key problems and shortfalls in terms of 
accuracy of data and decisions based on them (Roy et al., 2003; Scoones and 
Toulmin, 1998). Among many assessments of nutrient fluxes and balances 
carried out in Africa and temperate countries some case studies have been 
selected which represent different spatial scales levels. These are: plot, field 
and farm levels, landscape and village levels.  
 
2.3.3.1 Plot-based Scale 
In this scale of analysis different cropping units are distinguished according to 
crop type, landscape, position within landscape or intensity of management 
(Scoones and Toulmin, 1998). The nutrient balances analysis at this scale can 
compare dry land outfields with home gardens and fields. For example, in 
 
 
 
 
 
Ethiopia, Eyasu, et al., (1998) compared enset (false banana) plots close to 
home compounds with intensively managed maize gardens and outfields. 
They found considerable differences in pattern of fertility management; types 
of nutrient cycling and levels of nitrogen and phosphorus balances at plot 
levels. Similar studies were carried out in the banana-based land use systems 
of Bukoba district, north Tanzania (Baijukya and De Steenhuijsen Piters, 
1998).  
 
2.3.3.2 Field and Farm Level 
Several studies have taken the farm as a basic unit of analysis and input and 
output flows were calculated accordingly. At this level, soil nutrient balances 
are measured and described at the field level, because nutrient flows of inputs 
such as fertilizer application and outflow such as removal of harvested 
products depend on farm household decision-making (Scoones and Toulmin, 
1998; Buresh and Tian, 1998). Nutrient budgeting at this scale has been used 
to assess the level of nutrient sources and flows, opportunities for improved 
use efficiency and scope for possible interventions (Scoones and Toulmin, 
1998). For example, in the highlands of southwestern Uganda, Bekunda and 
Manzi (2003) constructed partial nutrient budgets at field and farm levels 
using farmer's recorded resource inputs and outputs over a period of one year 
and at the district level using annual inventory data of agricultural imports 
and exports. They found that the computed nutrient balances were highly 
variable at field and farm levels, but predominantly negative.  
 
Budleman et al. (1995) estimated all inputs and outputs for an average type of 
narrow valley farming systems in the lake zones in Tanzania. Similar 
approaches have been used in Kenya (Shepherd et al., 1995), northern Nigeria 
(Harris, 1998) and Uganda (Wortmann and Kaizzi, 1998). In Nigeria, Harris 
(1998) assessed N, P, K, Mg and Ca balances at the scale of the farm by 
considering all individual fields. In southern Mali, Van der Pol (1992) 
 
 
 
 
 
reported negative nutrient balances in the cotton-based cropping systems in 
the order of -40 kg ha-1 yr-1for N, -2 kg ha-1 for P and -33 kg ha-1 yr-1 for 
potassium. The same author found that under a peanut-millet-rotation, at 
least 60% of the farmers’ income is generated from soil mining and the 
traditional systems of permanent millet cropping depend essentially on soil 
mining with little hope for sustainable agriculture (Van der Pol, 1992). 
Stoorvogel et al. (1993) found a general negative nutrient balance in the 
agricultural soil of Mali during 2000. All these studies highlighted variability 
among available nutrients within the fields and demonstrated how farmers’ 
adopted different nutrients management strategies to cope with this 
variability (Scoones et al., 1996; Scoones and Toulmin, 1998). 
 
In nine temperate countries, Stockdale and Watson (2000) reviewed nutrient 
budget for N, P and K conducted at farm scale for 88 farms including 56 
dairy farms. They found that the majority of budgets revealed that all the N 
budgets showed surpluses, while the P and K budgets showed both surpluses 
and deficits. Furthermore, for all nutrients the trend was that as nutrient 
inputs increased the surplus increased more significantly. They have 
suggested that with new developments in precision farming and soil-specific 
management in the USA and Western Europe further disaggregating of the 
field into functional units has become a necessity. This is mainly attributed to 
the fact that the increasing complexity of the farm system under this type of 
agriculture and its structural design negatively affects the reliability of 
nutrient balance calculation.  
2.3.3.3 Landscape and Village Territory Level 
Several studies were conducted to estimate nutrient balances at village and 
landscape level comparing arable farming, fallow and grazing areas. These 
included works in Mali (Van der Pol, 1992), Niger (Powell et al., 1995), 
Nigeria (Harris, 1995), Zimbabwe (Swift et al., 1989), Burkina Faso, (Krogh, 
1995; 1997). For instances, in Burkina Faso, field level budgets were found to 
 
 
 
 
 
be negative due to export of crops for consumption or sale, but at a village 
level, nutrient budgets were positive due to the import of manure from 
surrounding rangelands (Krogh, 1997). According to Scoones and Toulmin 
(1998) at the landscape and village scale of analysis, budget calculations are 
based on ratios of rangeland: cropland, where the analysis takes into 
consideration the ratio of the areas of rangelands needed to supply sufficient 
livestock feed which in turn produce sufficient manure for one hectare of crop 
land. These ratios were found to be highly variable, ranging from zero in sites 
such as the Kano Close Settled Zone in Nigeria to up to 45 ha in much more 
extensive systems (Scoones and Toulmin, (1998).  
 
Hence, at community and farm levels, planning to maintain soil nutrient 
stocks, and avoiding either depletion or accumulation and associated 
environmental damage is an important decision in maintaining farm level 
sustainability (Van der Pol, 1993). At this level, alternative agricultural 
technologies, such as integrated nutrient management and various types of 
soil husbandry and other agricultural practices need to be screened, and their 
impacts on soil nutrient stocks and flows determined. These decisions clearly 
require quantitative estimates of soil nutrient depletion, and broad qualitative 
classifications are not adequate and thus soil-testing results are often helpful 
at this level (Van der Pol, 1993). 
 
2.4 Nutrient Status and Dynamics in Soil-Plant Systems 
2.4.1 Essential Elements 
There are 17 essential elements which are known to be required by all plants 
to grow from seed and to complete their life cycle, producing another 
generation of seeds (Ågren and Bosatta, 1996). Of these, three elements (C, H, 
and O) are required in largest amounts and are supplied by carbon dioxide 
and water, while the remaining fourteen are supplied from soil through plant 
roots. These fourteen are known collectively as the mineral nutrients. In order 
 
 
 
 
 
of decreasing plant requirements, these are: N, K, Ca, P, Mg, Na, S, Fe, Cl, 
Zn, Mn, B, Cu, and Mo (Ågren and Bosatta, 1996). All these are essential and 
shortage of any one of them introduces deficiency symptoms and reduces 
yields. However, N, P and K are used in large quantities by all living 
organisms. Since they are typically present in the soil at the percentage levels, 
they are known as macronutrients. Deficiency of any of these elements 
reduces plant growth and lower crop production. Plants and animals use 
these macronutrients to build up amino acid and protein. Phosphates form 
the backbone of DNA and are used to store energy in chemical bonds.  
 
Micronutrients are classified as essential and non-essential. Essential are B, 
Cu, Fe, Mn, Mo, Co and Zn, and non-essentials are Al, Cd, Pb, Hg, Ni, Se and 
Si. Essential micronutrients are elements used at trace levels in enzymes to 
assist with special body processes. They are increasingly recognized as having 
influence on plant growth and reproduction. They are indispensable elements 
and their deficiencies hamper plant growth and also their abundances are 
toxic to plants and reduce soil quality like heavy metals such as Pb, Hg, Cd 
and Ni. The role of non-essentials micronutrients is not well understood and it 
is an area of on-going research (Ågren and Bosatta, 1996). 
 
2.4.2 Nutrient Stores in Soil-plant-systems 
In any soil-plant system nutrients can be found in three main stores 
(Schlesinger, 1997; Smith and Smith, 1997; Brady, 1990). The stores are: 
biomass, organic and inorganic stores. The biomass store of nutrients includes 
those incorporated in living tissue of plants and other soil organisms. These 
nutrients are trapped up in biochemical reactions or form an essential part of 
structural carbohydrates. The organic store consists of nutrients in dead plant 
and animal tissues, in various stages of decomposition. The inorganic store 
consists of ions in soil solution or adsorbed onto solid surfaces in soil, derived 
from the decomposition of organic molecules, or from breakdown of rocks 
 
 
 
 
 
and minerals. This store is used by many soil inhabitants, including plants, 
which sometimes must compete with soil microorganisms for limited supplies 
of nutrients. Generally however, nutrients are not locked up in chemical 
compounds within any one store, but are constantly being transformed from 
one store to another by bio-chemical processes (Smith and Smith, 1997).  
 
Within the aforementioned stores, nutrients exist in three forms (Khanna, 
1998; Schlesinger, 1997; Smith and Smith, 1997). These are: available, 
unavailable and reserve forms. Available nutrients are those present in 
adsorbed (exchangeable) and solutes (in solution) forms in which they can be 
taken up by plant roots such as NH4+, NO3-, H2P-O4, HP-2O4 and K+. 
Unavailable nutrients include both reserves and elements (materials 
undergoing weathering and decomposing (weathering complex) which, after 
initial release become chemically combined (fixed) in forms not available to 
plant roots. Reserve or capital supplies of nutrients are those held in the rock 
minerals, not presently available to plants but potentially convertible to 
available forms. Generally, however, nutrient availability changes with time 
and varies with soil reaction (Brady, 1990).  
 
The main sources of plant available N are: mineralization of soil organic 
matter (SOM); biological N2 fixation, fertilizers and organic inputs (e.g. plant 
residues, composts and manure) (Giller et al., 1997). The main sources of 
plant-available P are: weathering of soil minerals, mineralization of SOM, 
fertilizers and organic materials (Buresh et al., 1997). The main sources of 
plant available K are soil minerals, mineralization of SOM, fertilizers and 
organic materials (Krauss, 2001). 
 
2.4.3 Nutrients Cycling 
The cycling of soil nutrients is essential to maintain long-term fertility and 
sustainable agricultural production (Schlesinger, 1997; Brady, 1990). The 
 
 
 
 
 
continuous recycling of nutrients into and out of the soil is known as the 
nutrient cycle and it involves complex biological and chemical interactions 
some of which are not yet fully understood (Smith and Smith, 1997). Nutrient 
cycling refers to the turnover of nutrients already in the soil-plant system 
from one store to another (Khanna, 1998; Smith and Smith, 1997; Sanchez 
and Palm, 1997). For example, the release of nitrogen from soil organic 
matter as ammonium (NH4) or nitrate (No3) and its subsequent uptake by 
plant. These involve two processes (1) the available soil nutrients collected by 
plant roots during the growing period is utilized and synthesized into plant 
organic constituents, (2) after termination of growth and the start of decay, 
the nutrients are released into the soil from breakdown of plant debris. Yet, 
not all nutrients taken up by plants over the growing period are released back 
into the soil in the same year (Brady, 1990), because some nutrients are 
immobilized in the tissues of woody plants. 
 
Based on Khanna (1998) and Sanchez and Palm (1997) a simple nutrient cycle 
can be divided into three components: 
1. Inputs: This denotes all nutrients entering the soil-plant system. These 
include weathering of parent material, fertilizers, manure, 
mineralization of the organic matter, atmospheric deposition (dry and 
wet), retrieval of nutrients from below the rooting depth of crops, and 
biological nitrogen fixation (biotic and a biotic). 
2.  Nutrient capital (stock): This signifies all nutrients potentially available 
for plants to use. Such as soil reserves of nutrients that will be released 
gradually over a time scale of years or decade (Sanchez and Palm, 
1997; Brady, 1990). Distinction must be made between the readily 
available (absorbable) plant nutrients i.e. in the form of solutes 
(soluble) or exchangeable elements and the soil reserves i.e. easily 
weatherble minerals or those undergoing weathering (C horizon) and 
the organic reserves. The former (nutrients in solution or 
 
 
 
 
 
exchangeable) enter the system readily, but the latter must undergo 
weathering or mineralization, respectively before they participate in 
the biogeochemical cycle. 
3.  Outputs: These represent all nutrients that leave the soil-plant systems 
in crop yields, crop residues, leaching, erosion, fire and gaseous losses 
(de-nitrification and volatilization) (Smaling, et al., 1996).  
 
In natural forest ecosystems various processes are involved in the 
transformation of nutrients between the different compartments or stores 
(Khanna, 1998; Smith and Smith, 1997; Schlesinger, 1997). These include:  
1. Death of plant and animal tissues, excretion and cell leakage; 
2. Decomposition;  
3. Mineralization; 
4. Immobilization; 
5. Cation exchange and anions retention;  
6. Weathering of rocks and minerals; and  
7. Leaching of plant nutrients from the upper soil layers.  
 
All the above processes however, occur in both natural forest and agricultural 
ecosystems in a similar way (Schlesinger, 1997). Conversely, nutrient cycling 
and dynamics in agricultural ecosystems differ from natural systems (Sanchez 
and Palm, 1997). Nutrient cycling in natural forest is nearly closed and in 
equilibrium, while it is open and in disequilibria in agricultural systems. The 
equilibrium nutrient balance is the result of a balance between inflows and 
outflows to the pools (Khanna, 1998; Sanchez and Palm, 1997). In natural 
tropical forest ecosystems, nutrient inputs from atmospheric deposition, 
biological nitrogen fixation and weathering of primary soil minerals are in 
balance with nutrient exports owing to leaching, de-nitrification, run-off and 
erosion. Macronutrients such as N, P, K, Mg, Ca, S and micronutrients are 
 
 
 
 
 
absorbed by forest roots and returned to the soil via the decomposition of 
litter and roots as well as by throughfall and stem flows.  
 
On the other hand, in agro-ecosystems there are some other processes of 
significant importance and contribution to nutrient cycling (Sanchez and 
Palm, 1997; Brady, 1990). These include:  
1. The return of crop residues, land tillage, irrigation practices and 
anthropogenic interventions; 
2. Manure and urine of livestock;  
3. The incorporation of leguminous green manure; and 
4. The transfer of nutrients through pruning litter and root decomposing 
into the soil.  
 
The fewer the nutrient losses from the system, the fewer the inputs needed 
from out side the system to balance the budget (Khanna, 1998; Sanchez and 
Palm, 1996). However, not in all cases, intrinsically poor soils or those having 
some problems (salinity, acidity, hydromporphic, polluted soils, calcareous) 
often need additions of rectifying materials or other forms of human 
manipulation. In agricultural system the continuous soil use often involves the 
removal of plant nutrients with the harvested crop and this nutrient removal 
can result in net negative balances if nutrients are not replaced (Sanchez and 
Palm, 1997). When this occurs nutrients must be added to replace the harvest 
removal or biomass productivity will decline as a result of nutrient 
deficiencies (Smaling, 1999; Sanchez et al., 1997; Sanchez and Palm, 1997; 
Young, 1997).).  
 
2.5 Role of Trees in Soil-plant-system 
2.5.1 Amelioration of Soil Properties 
How trees alter soil properties has been studied widely over the years in 
different parts of the arid and semi-arid regions (Bayala, et al., 2002; Hirobe, 
 
 
 
 
 
et al., 2001; Wezel, 2000; Deans et al., 1999; Kumar, et al., 1998; Abrams et 
al., 1997; Jaiyeoba, 1996; Belsky, 1994; Belsky et al., 1990; Abrams et al., 
1990). The concepts and practices of soil amelioration by trees had been 
extensively reviewed by several authors (Prinsley and Swift, 1994; Buresh and 
Tian, 1998). Generally, dryland soils have poor fertility. In the arid and semi-
arid regions, soil beneath tree or shrub canopy was found to have significantly 
higher fertility than that in open grasslands or dunes. Moreover, distinct 
gradients of soil-nutrient distribution between trees and inter-canopy areas 
are common in semiarid woodland ecosystems and recognized as an 
important structural and functional features in nutrient cycling dynamics 
(Schlesinger and Pilmanis, 1998; Scholes and Archer, 1997). 
 
The small-scale enrichment zones below trees and shrubs in the arid and 
semi-arid environments have been described as islands of fertility or 
resources islands (Virginia and Jarrell, 1983; Bernhard-Riversat, 1982). 
These fertile islands have been recorded in savanna ecosystems in Africa 
(Belsky et al., 1993; Weltzin and Coughenour, 1990) and in semi-arid Africa 
(Wezel et al., 2000). The existence of such resources accumulations is an 
indication of the balance between the resource inputs and exports from a 
system (Abrams et al., 1997). 
 
Within these ecosystems wide differences have been noted in the nature and 
amount of soil nutrients under different tree and shrub species. Generally, the 
enhancement of soil properties under trees and shrubs in the arid and semi-
arid regions is noticeable in many of the studies that compared soils 
properties under trees and shrubs with those distant from trees or shrubs. 
For instances, Virginia and Jarrell (1983) found significant increases in total 
N, No3-N, NH4-N, organic carbon, extractable PO4 and saturation extract K+ 
under mesquite (prosopis juliflora) canopies in the California Sonoran desert. 
They also found significantly lower soil Na+ and Cl- under trees. Abrams et al. 
 
 
 
 
 
(1990) found that total and surface soils N are significantly higher under 
Prosopis glandulosa, prosopis chilensis and prosopis alba than that measured 
in soil taken between trees. They found that Prosopis glandulosa had small 
size in comparison to the other two species but accumulated more N. Geesing 
et al. (2000) reported that small young trees of prosopis glandulosa obtained 
most of their N from N-fixation while mature trees derived smaller 
percentage of their N from N-fixation.  
 
The influences of Prosopis juliflora plantation on properties of sandy soils in 
Tendalti area north Kordofan State, Sudan was investigated by El Fadl 
(1997). He found that coarse and fine sands decrease with depth while clay 
contents show increase with depth under the tree canopy. The amount of 
coarse sand was lower under the canopy, whereas the proportions of fine 
sand, clay and silt increase. With regard to the influence of plantations on soil 
chemical properties the levels of N and C were higher under canopy while 
they were lower in the open sites and both decreases with increasing depth 
under the canopy. The C/N ratio was higher under the canopy than under the 
open fields. Available phosphorous levels were slightly higher under the 
canopy than in the open fields. 
 
Mann and Shankarnarayan (1980) noted increases in soil N, P, K and organic 
carbon as well as a decrease in both soil pH and CaCo3 under both Acacia 
nilotica and Prosopis cineraria in India. In arid ecosystems in India, Kumar et 
al. (1998) found changes in soil morphological, physical and chemical 
characteristics under plantations of Acacia nilotica, Dalbergia sisso, and 
Eucalyptus tereticornis and populus deltoids. They noted maximum soil 
improvement in soil structure and nutrient build up of N, P and K under 
Acacia nilotica plantations compared to those of Dalbergia sisso, Eucalyptus 
tereticornis and populus deltoides. 
 
 
 
 
 
 
The influence of Faidherbia albida on soil fertility was extensively investigated 
in West African countries. For example, a review by Chatterson et al. (1989) 
indicated that in Senegal, Sudan and Niger, levels of organic carbon and 
nitrogen were higher by as much as 200-600%, and water-holding capacity 
and levels of base elements increased by 20% to 100% under Faidherbia 
albida, compared with bare lands beyond tree canopy. Boffa (1999) reviewed 
agroforestry parklands systems in Sub-Saharan Africa and reported that in 
Saponé, Burkina Faso higher exchangeable potassium and higher pH were 
found under Vitellaria paradoxa trees than in open field controls. In a sample 
of 54 trees located in Burkina Faso and Nigeria, total nitrogen and available 
potassium were significantly improved under Parkia biglobosa. In 
Kareygorou and Say in Niger, soil pH, organic matter content, total nitrogen, 
available phosphorus, exchangeable potassium, magnesium and calcium were 
significantly higher under Hyphaene thebaica and Faidherbia albida than in 
the open and decreased with distance from trees. He also reported that in 
Niger at ICRISAT Center, soil nutrients, clay and silt contents were found to 
be generally decreased with distance from Faidherbia albida trees especially 
between soil depths of 0.20 and 0.50 m.  Baumer (1990) reported that an 
approximately 50 trees per ha of Faidherbia albida in Senegal provided the 
equivalent of 300 kg organic nitrogen, 50 kg potassium chloride, 80 kg bi-
calcium phosphate, 125 kg dolomite or 100 kg agricultural lime.  
 
Jaiyeoba (1996) studied the influence of Faidherbia albida, Parkia bigloboza 
and Eucalyptus camaldulensis in semi-arid zone of Nigeria, and found that 
significant coarsening of soil texture and a decrease in organic matter and 
cation exchange capacity with increasing distance from all the three tree 
species at a depth of 0-15 cm. He also found that concentrations of nitrogen 
and some exchangeable cations decreased significantly with increasing 
distance from beneath Acacia and Parkia, while soil pH decreased with 
increasing distance from eucalyptus. Kater et al. (1992) found higher carbon, 
 
 
 
 
 
available magnesium and potassium contents in the upper soil layers under 
both Parkia biglobosa and Vitellaria paradoxa canopies than in the open, while 
phosphorus availability was greater away from trees.  
 
In the semi-arid Niger, Wezel et al. (2000) found fertile islands under Guieria 
senegalensis in both fallow and millet fields. They found significantly higher 
concentrations between 38% and 51% for C, N, P and 22% of K on effective 
cation exchange capacity (ECEC) under the shrubs. They also noted that most 
soil properties increased relatively with increasing aridity, while they 
decreased with the age of the fallow. 
 
Some researchers think that higher fertility close to trees results from 
nutrient redistribution and spatial concentration around woody plants 
through lateral uptake by roots, animal deposition and wet and dry 
atmospheric deposition (Wezel et al. 2000; Kater et al., 1992; Kessler and 
Breman, 1991). Nonetheless, trees improve soil properties in various ways and 
via several processes (Young, 1997; Kessler and Breman, 1991). These 
processes can be summarized into three categories (Buresh and Tian, 1998). 
These are:  
1. Increased supply of nutrients through increased inputs and reduced 
outputs,  
2. Increased availability of nutrients through enhanced nutrient cycling 
and conversion of nutrients to more labile forms; and  
3. Improved soil chemical and physical properties conducive for more 
favorable environment for plant growth. 
 
Generally, however, it was acknowledged that, the capacity of trees to 
maintain or improve soils is due to addition of organic matter. Buresh and 
Tian (1998) stated that, the decomposition of organic materials from trees not 
only supplies nutrients but can also increase availability of plant nutrients in 
 
 
 
 
 
soil by processes such as: (1) supplying an energy sources to soil organisms 
thereby enhancing nutrients cycling through soil organisms, (2) reducing P-
sorption capacity of soil, and (3) stimulating plant root growth.  
 
Soil organic matter (SOM) represents a considerable source of nutrients to 
soils, especially nitrogen, phosphorus and sulfur (Young, 1989; 1997; 2000). 
Moreover, soil organic matter plays a major role in improving soil physical 
characteristics such as water holding capacity, infiltration rates and soil 
structure (Brady 1990). SOM improves micro-aggregates structure, prevent 
erosion and stabilizes soil structure (Lal, 2002; Lal et al., 1998). SOM also is 
an important determinant of the cation exchange capacity (CEC) of the soil 
(Lal, 2002; Lal et al., 1998). An increase of SOC can also lead to an increase in 
CEC (Robert, 2001). The CEC qualifies the ability of a soil to provide 
nutrient reserve for plant uptake.  Furthermore, organic carbon also has a 
greater influence on the size of the exchange complex and soil cations on 
sandy soils than on fine-textured ones (Campbell et al. 1994).  
 
However, the effectiveness of organic materials as a source of nutrients 
depends to a large extent on their quality and decomposition conditions (Lal, 
2002; Lal et al. 1998; Brady, 1990). Different plants contribute differently to 
the amount and contents of organic matter (Buresh and Tian, 1998; Lal, et al., 
1998). The quantity of litter added to the soil and its nutrients composition 
depend largely on the species, soil types and favorable environmental 
conditions (Khanna, 1998; Mafongoya et al., 1997; Brady 1990). Several 
studies have shown that the decomposition and nutrient release patterns of 
organic materials are related to factors such as their content and 
concentration of lignin and polyphenols, N, C, P and different ratios between 
these factors (Cadisch and Giller 1997; Nair et al. 1999).  
 
2.5.2 Biomass Production, Nutrients Accumulation and Cycling 
 
 
 
 
 
The amount of biomass produced and its nutrient contents are very essential 
components for the sustainability of extensive agricultural systems in the 
tropics (Lal, 2001; Young, 2000). The relationship between biomass 
production and nutrient accumulations and cycling has been studied in 
various parts of the tropics (Montagnini, 2000; Stanley and Montagnini, 1999; 
Folster and Khanna, 1997). Specific studies regarding semi-arid tropics have 
been well described in a number of studies (Rosenschein, et al., 1999; Felker et 
al., 1983, Sharifi et al., 1982). Sharifi et al. (1982) found annual biomass 
production of 3650 kg ha-1 for a native mesquite stands Prosopis spp. in the 
Arizona Sonoran Desert. Also, Abrams et al. (1990) studied the biomass 
production and N accretion of three Prosopis species (Prosopis glandulosa, 
Prosopis chilensis and Prosopis alba). They found that Prosopis glandulosa had 
the smallest biomass compared to the other two species but had higher soil 
nitrogen concentrations indicating that more nitrogen is cycled through the 
leaves rather than that invested into wood production. They concluded that 
the most efficient nutrient cycling is not necessarily associated with the best 
biomass production.  
 
In northern Senegal, Deans et al. (1999) assessed the amount of biomass, soil 
organic matter and nutrients (N, P and K) concentration in soil and plant 
tissue in widely spaced Acacia senegal plantations. The plantations ages 
ranged from 3 to 18 years. They found that tree biomass increased linearly 
with age and linearly related to stem cross-sectional area (CSA) at 30cm 
height. Above- and belowground biomass accumulation averaged 1770 kg ha-1 
yr-1 for trees evenly spaced at 6x6 m. By age 18 years almost 100 kg per tree of 
standing biomass had been accumulated with about 80% partitioned to 
aboveground structure and 20% to roots. Nutrients concentrations by age 18 
years in average tree were 0.95, 0.04 and 0.42 kg tree-1of N, P and K, 
respectively. The concentrations of N, P, and K were greater in leaves and 
fruits than in woody tissues and their concentrations in wood decrease with 
 
 
 
 
 
increase in woody tissue diameter. Generally, the concentrations of P in wood 
decreased as tissue aged suggesting its translocations from woody tissues as 
the tree grew older. But the concentrations of N and K in woody roots were 
respectively greater and smaller than their concentrations in the aboveground 
woody tissues of similar diameter. 
 
2.5.3 Influence of Trees on Understorey Plants 
2.5.3.1 Influence on Microclimate 
Microclimate parameters, which can be affected by presence of trees, include: 
solar radiation, photosynthetically active radiation (PAR), air and soil 
temperatures, wind speed, potential evapo-transpiration (PET). Grouzis and 
Akpo (1997) reported that in semiarid ecosystems, trees are recognized to 
improve herbaceous diversity, phenology and productivity. Several studies in 
the semi-arid savannas suggest that tree shade increases understorey 
herbaceous productivity. In addition to improved soil conditions, the 
increased productivity of the understorey herbaceous cover under trees was 
attributed to improved microclimatic conditions on the one hand (Grouzis 
and Akpo, 1997; Breman and Kessler, 1995; Amudson, et al., 1995; Belsky, 
1994; Belsky et al., 1993; Kessler and Breman, 1991) and to high microbial 
activity on the other hand (Rhoades 1997; Belsky et al., 1989).  
 
It has been reported that the microclimate effects on biomass production of 
herbaceous plants under tree shade might be caused by the decrease of 
maximum temperature and evapotranspiration and the increase of the 
relative humidity (Belsky et al., 1993; Amudson, et al., 1995). For example, 
Amudson, et al., (1995) reported that in the semi-arid Senegal, the maximum 
temperature decreases 3-4 ºC under the canopy of Faidherbia albida. The 
lower temperature under the canopy decreased the water stress and increases 
the biomass production (Amudson et al., 1995; Kessler and Breman, 1991). In 
the Sahelian zone of Senegal, Grouzis and Akpo (1997) found that: (1) 
 
 
 
 
 
herbaceous above-ground production was 1.5 to 4 times greater under the 
canopy than in the open sun light; (2) understorey roots phytomass was about 
two-fold greater than the root phytomass of the open grassland; and (3) the 
root-to-shoot ratio was 2.5 times higher in the open than in the shade. 
 
Through shading trees also reduce the amount of sunlight reaching soils and 
understorey plants. However, the extent of reduction varies according to 
crown structure and dimensions, tree phenology and leaf density (Breman 
and Kessler, 1995). For example, solar irradiance was reduced by 45 to 65 
percent under Acacia tortilis and Adansonia digitata (Belsky et al., 1989). In 
the Sahelian zone of Senegal, Grouzis and Akpo (1997) found that, tree 
canopy compared to open grassland, reduced total solar radiation by about 
80%; and about 49% of the photosynthetically active radiation (PAR) was 
intercepted by tree foliage or reflected towards atmosphere. Regarding air 
temperature, they observed differences of 6°C between direct sunlight and 
shade at midday time. Furthermore, differences of about 5°C were also 
recorded in the soil temperature at the soil depth of 10 cm between shaded 
and non-shaded areas at midday. Thus, as a result of reduced light intensity, 
wind speed, relative humidity, air and soil temperatures, trees decrease the 
potential evapo-transpiration (PET) in the shaded area. 
Topsoil moisture was found to be higher under tree canopy than in treeless 
sites, this is appearing to be a common pattern during the rainy season and 
some time afterwards (Grouzis and Akpo, 1997; Kessler and Breman, 1991). 
In semi-arid Kenya, the soil temperature 5 cm below the surface was at least 
5-9°C lower under trees than in the open grassland, both at the beginning of 
the growing season and when grass cover was at a maximum (Belsky et al., 
1989). During the rainy season, water reaches deeper horizons under trees 
than in the open because of better infiltration and reduced evapo-
transpiration. Rhoades (1995) recorded increased soil water in the top 15 cm 
of soil beneath F. albida canopies in Malawi. The increase over open sites rose 
 
 
 
 
 
from 4 percent at the end of the dry season to 53 percent at the end of the 
cropping season. During the rainy season, tree sites tend to be more humid 
than open locations, because of reduced soil evaporation and plant 
transpiration due to lower temperatures and reduced radiant energy (Grouzis 
and Akpo, 1997; Belsky et al., 1989). 
 
In contrast to herbaceous productivity in the savannas, substantial evidence 
shows that light interception by tree canopy is associated with decline in C4 
crop productivity. This is attributed to the fact that C3- and C4-pathway 
plants have slightly different photosynthetic (carbon dioxide fixation) 
pathways, with the C4 process particularly adapted to high light intensities, 
temperatures and have a greater N-use efficiency than C3-pathway plants 
(Ehleringer, et al., 1997). Most C4 species are monocotyledons and they 
include the majority of savanna grasses and cereal crops, while trees and 
other dicotyledonous species tend to use the C3 mechanism.  
 
Reduction of photosynthetically active radiation (PAR) generally results in a 
decline of C4 grain productivity (ICRAF, 1993). Sorghum yield declined from 
a distance of two crown radii towards the bole was strongly correlated with a 
consistent decrease in average light intensity estimates (Kessler, 1992). Boffa 
et al. (1999) found a significant decrease in sorghum yields with increasing 
canopy size in plots of fixed location bordering the canopy edge of Parkia 
biglobosa. In semi-arid Niger, Wezel (2000) found that millet growth and 
yields were negatively influenced in the vicinity of Guiera senegalnesis shrubs. 
Millet production was higher at 2 m distance from the shrub. Furthermore, 
highest grains and biomass production were obtained in plots where all 
shrubs were cut. In Burkina Faso, Bayala et al. (2002) found highest millet 
production under totally pruned Vitellaria paradoxa and Parkia biglobosa. 
These high productions were attributed to lessen effects of large tree crowns 
on PAR transmission below crown and low rate of transpiration by trees. 
 
 
 
 
 
Boffa et al. (1999) reported that, in Niger, irradiance was reduced by 0.5 to 1.0 
kw m2 and daytime soil temperature at a depth of 0.05 m was reduced by as 
much as 6°C inside the canopy of F. albida. These improved conditions within 
canopy zone have led to increased yields of agricultural crops. For example, 
both sorghum and maize gave higher yields near the tree bole. Generally, 
maximum yields of cereals were observed near the 2 to 5 m zone while other 
crops like cotton gave maximum yields within 6-9 m zone from tree bole. 
 
2.5.3.2 Effects on Mineral Contents of Understorey Plants 
Trees also have influence on mineral content of understorey plants. Generally 
the higher soil nutrient status under tree cover is reflected in the mineral 
content of understorey herbaceous species. In northern Senegal, nitrogen 
content of aerial parts of the herbs was higher under Acacia senegal and 
Balanites aegyptiaca than in the open (Bernhard-Reversat, 1982). It also 
decreased more slowly during the rainy season under trees than in the open. 
Under F. albida in Senegal, concentrations of all mineral elements except 
sulphur in millet leaves were 25 to 40 percent higher than in the open. 
Nutrient concentrations were also higher in millet grown under F. albida than 
in the open in N'dounga, Niger (ICRAF, 1996). A 54 percent increase in 
nitrogen and a smaller but significant difference in available phosphorus were 
recorded. Lehmann, et al. (1999) found that the contents of N and Ca in leaves 
of intercropped sorghum were higher than in the sole cropped sorghum 
whereas the contents of other minerals showed different patterns. For 
example, Zn contents were lower in intercropped sorghum than sole crop, 
whereas foliar P, S, K and Mg did not show any differences. Protein content 
of millet grain increased by 32 percent under F. albida and by 242 percent on 
a kg ha-1 basis, due to the grain yield increase related to the presence of trees 
(Kessler and Breman, 1991).  
 
2.5.3.3 Effects on Microbial Biomass 
 
 
 
 
 
In the arid and semiarid environments, trees and shrubs also enhance the 
abundance and activity of the microbial biomass (Kaye and Hart, 1997; 
Kennedy and Smith, 1995; Kieft, 1994). This is mainly attributed to increased 
organic matter and improved microclimatic conditions under trees, which in 
turn enhance soil microbial, and enzymatic activity, decomposition and 
physical characteristics. In Kenya, Belsky et al. (1989) found 35 to 60 percent 
higher soil microbial biomass, carbon, lower bulk density of topsoil and 
higher water infiltration rates under Adansonia digitata and Acacia tortilis 
crowns than in the open. In Côte d'Ivoire, Rhoades (1997) reported that 
increased macro fauna and soil organic matter under tree clumps were 
associated with improved soil macro porosity and lower bulk density The 
rates of nitrogen mineralization are also higher under tree canopies than in 
the open, with an intense flush during the first few weeks of the rainy season, 
which were attributable to higher microbial activities (Rhoades, 1995; Belsky 
et al., 1989). Soils under F. albida in Malawi contained 7 times more plant-
available nitrogen than in the open during the first month of the rainy season, 
and 1.5 to 3 times more during the rest of the cropping season (Rhoades, 
1995).  
 
2.5.3.4 Summary of Tree Benefits in Soil-plant Systems 
The aforementioned paragraphs so far have highlighted only the benefits that 
can be accrued from trees and shrubs in soil-plant systems. The effects of 
trees on crops are not always positive and trees can have a variety of adverse 
effects on crops grown in their immediate vicinity. For instances, trees can 
compete with crops for moisture, nutrients and shade (Begon et al. 1996; 
Noordwijik and Hairiah, 2000). However, in some tree–crop systems, where 
relatively wider spacing is used, the competition for resources is mainly 
belowground and the aboveground biotic factors, e.g. light, temperature and 
humidity are usually of minor importance (Ong et al. 1991; Casper and 
Jackson 1997; Köchy and Wilson, 2000). Trees also may have adverse effects 
 
 
 
 
 
on companion crops through production of plant growth-inhibiting chemicals 
"allelopathy" (Begon et al. 1996). Nevertheless, the positive contribution of 
trees to soil and environment may outweigh the few undesirable effects 
(Young, 1997).  
 
2.5.4 Influence of Acacia senegal on Soil-plant system 
The influence of A. senegal on soil properties was extensively investigated in 
western Africa (Deans et al., 1999; Bernhard-Reversat, 1982; 1983). For 
example, in Senegal, Deans et al. (1999) found that soil organic matter; N, P 
and K concentrations were always greatest in surface horizons close to stems. 
Further, they found that, unlike the case for N and K, there was little evidence 
of increasing P in surface soil as plantations aged. Correlations of amounts of 
N, P and K with amounts of soil organic matter were only significant in 
surface horizons and there was no evidence of soil amelioration other than 
near the soil surface. N and K increased in surface soil by 24 and 4 kg ha-1 
year-1, respectively, in plantations at 6x6m spacing and soil organic matter 
increased by ca. 0.05% and 0.035% year-1 under tree canopies and in open 
ground, respectively. However, the potential contribution of A. senegal trees 
to improving soil fertility will be reduced if no enough litter is allowed to 
return to the soil (Deans et al., 1999; Young, 1997). Deans et al., (1999) found 
that felling of trees and harvesting wood of 2 cm diameter at age of 15 years in 
A. senegal would remove 60, 2.7 and 35 kg ha-1 of N, P, and K. Harvesting of a 
single year production of leaves and fruits at age 15 years would remove 75%, 
80% and 40% of those N, P and K amounts. They concluded that regular 
large-scale fodder harvesting poses greater threat to soil nutrient budget in 
low input agroforestry systems than harvesting wood at the end of the tree 
rotation. 
 
The influence of A. senegal on soil properties in the Sudan in pure stands or 
fallow compared to bare lands and cultivated fields was investigated on sandy 
 
 
 
 
 
soils of north Kordofan and on Vertisol soils in the central clay plains in the 
central Sudan. All these studies confirmed increased soil C, N and P in 
comparison to bare soil. Gerakis and Tsangerakis (1970) found that total 
nitrogen in soils under Acacia senegal in Goz soils compared to that under 
traditional agriculture was markedly higher around trees especially at a 
radius of 1.5-2.5 m for the uppermost layer (0-10 cm) with no appreciable 
differences in the lower layers. The organic carbon was also higher around 
the trees for all soil layers and particularly for the first layer. The available 
potassium showed a slight increase around the trees than away from them, 
while, the available phosphorus, soil pH and clay contents did not show much 
difference.  
 
Hussein (1990) compared soils under Acacia senegal at different 
topographical positions along the dune catena (dune crest, slope, and bottom) 
with soils from old forest and cultivated fields at El Demokeya Forest 
Reserve. He found that the accumulation of carbon and nitrogen was higher 
under the old forest site than the younger forest site. In the same site, Nimer 
(2000) investigated the differences in soil properties under a 35-years old 
Acacia senegal plantations compared to soils outside the plantations. She 
found that Acacia senegal plantations had induced considerable changes in 
the soil morphological, physical and chemical properties. The major nutrient 
elements (N, P, K, Ca, Mg and Fe) have generally increased with various 
proportions ranging from 10% to more than 130%.  
 
El Tahir et al. (2004) investigated some soil chemical properties and particle 
size distribution of sandy soil under Acacia senegal, Acacia tortilis and Acacia 
seyal plantations after three years from planting. They found that the tree 
species had significant effects on all studied soil properties. The percentage of 
P was significantly higher under the trees than in bare soil. Among the tree 
species, phosphorus (ppm) was much higher under A. senegal (3.8) and A. 
 
 
 
 
 
tortilis (3.5), whereas organic carbon (0.21%) and nitrogen (0.02%) were 
significantly higher under A. senegal. Values of N and C significantly 
decreased with increasing distances from tree base. Higher silt and clay 
contents were found under the trees compared to bare soil. Clay content was 
higher under A. senegal during the dry period and it decreased with 
increasing distance from tree base.  
 
Hussein and El Tohami, (1998) investigated the ameliorative effects of A. 
senegal natural stands and plantations on some properties of a vertisol in the 
central clay plains of the Sudan at El Dali Mechanized rainfed schemes, 
compared to continuously cultivated schemes and Acacia mellifira thickets in 
the vicinity. They found that the ameliorative effect was most pronounced on 
carbon and nitrogen contents and soil bulk density. The total nitrogen and 
organic carbon were higher under A. senegal natural stands than in cultivated 
fields. Also, they found that soil bulk density (g cm-3) was lower under A. 
senegal natural stands, followed by plantations and it was higher under 
continuously cropped schemes. 
The long-term impacts of A. senegal on present day nutrient transformation, 
particularly soil organic carbon (SOC) and nitrogen (N) in the semi-arid 
areas of north Kordofan was investigated (Olsson et al., 2001; Olsson and 
Ardö, 2002; Poussart, 2002; Ardö and Olsson, 2003; Jakubaschk, 2002). All 
these studies noted higher soil organic carbon and nitrogen under Acacia 
senegal compared to cropped and fallow fields. 
 
The influence of A. senegal on growth, yields and yield components of some 
agricultural crops was investigated by Fadul (1999) on the sandy soils on two 
sites El Demokeya Forest Reserve in North Kordofan and Nabag Forest 
Reserve in south Kordofan. In both sites he found significant differences in 
plant height, number of leaves, leaf area index and crop yield for ground nut, 
millet and sesame under A. senegal trees compared to sole cropping. He 
 
 
 
 
 
concluded that alley cropping with A. senegal improves crop yields of field 
crops but the degree of increase in crop yields varies according to the nature 
of the crop and the variations in site characteristics and environmental 
parameters.  
 
 
2.5.4.1 Nitrogen Fixation by Acacia senegal 
In spite of the fact that A. senegal form N-fixing nodules, information about 
its nitrogen fixing capacity is scanty and fragmented. Numerous studies have 
shown that there was higher nitrogen content under Acacia senegal trees 
compared to bare land or other tree species (El Tahir et al., 2004; 
Jakubaschk, 2002; Nimir, 2000; Hussein, 1998). However, none of these 
studies have quantified how much N is fixed by A. senegal. For example, 
nursery studies at El Obeid Agricultural Research Station in North Kordofan 
(El Tahir, 2003) revealed that Acacia senegal seedlings from different seed 
sources contained large number of nodules during the first four months and 
they decreased in number and size as seedlings grew older. 
 
The study of the N-cycle by Acacia senegal in semi-arid Senegal (Bernhard-
Reversat, 1982; 1983) revealed that investigated adult trees did not have 
nodules and they suggested that symbiotic fixation occurs only under young 
and not at all under adult trees. An absence of nodules was also noted in roots 
of mature Acacia senegal trees (Bernhard-Reversat, 1982). In contrast, 
modeling of soil nitrogen levels under Acacia senegal/ sorghum rotations 
revealed that the trees could fix nitrogen up to the end of the rotation (50 
years) (Robertson, (1994). N-fixation in forest stands may in reality is 
important when trees are young and is considerably reduced with increasing 
stand age (Dommergues, 1995). Harmand (1998) hypothesized that some 
degree of N-fixation continues in adult trees in agroforestry parklands, where 
nitrogen is extracted by crops and mostly not returned to the soil.  
 
 
 
 
 
 
Research results from a plantation aged 17 years on sandy soils at El 
Demokeya Forest Reserve, North Kordofan, showed that there were no 
nodules on the roots of Acacia senegal at depths of up to 2 m during wet or 
dry period, but there were considerable amounts of nitrate (NO3-) at this 
depth (Gaafar, Per. Communication). Breman and Kessler (1995) stated that 
nodulation on roots of Acacia senegal is limited in Sudan. This limitation is 
attributed mostly to low availability of phosphorus, which is one of the most 
common nutrients limiting plant production in semi-arid regions (Sanchez 
and Palm, 1997; Sanchez, 2002). Also, N-fixation process is inhibited by 
availability of N (Geesing et al., 2000), where trees do not fixed N and draw 
considerably on available soil N. 
 
In semi-arid areas in Senegal, Deans et al. (1999) studied the nutrient and 
organic matter accumulation under A. senegal and found that the amount of 
N and K increased in trees and in the soil as plantations aged. They stated 
that the precise source of these nutrients cannot be determined but some N 
derived from N-fixation seems likely and they assumed that about 10% of 
tissue N might have derived from N fixation. According to Buresh and Tian 
(1998) methodological problems are the main reasons for the quantification of 
N-fixation by adult trees and hence there are uncertainties in the 
determination of the precise sources of N accumulation beneath wood 
legumes. Ndoye et al., (1995) used the N15 isotope–dilution technique to 
estimate N fixation by Faidherbia albida, Acacia raddiana, A. seyal and A. 
senegal under nursery conditions. They found that A. senegal can fix up to 
30% (0.48 g/plant) of its total nitrogen uptake. 
 
All sources of nitrogen input into semi-arid ecosystems have been reviewed 
and evaluated by Felker et al. (1980). They concluded that all non-legume 
sources of nitrogen (rain water, blue green algae, and free-living bacteria) 
 
 
 
 
 
contribute no more than 4 kg N ha-1 yr-1. Nitrogen fixation by leguminous 
trees was found to be in the range of 200 to 550 kg N ha-1 yr-1 with possible 
nitrogen fixation rate of 100 kg N ha-1 yr-1 in areas receiving 500 mm annual 
rainfall. 
 
2.5.5 Soil Erosion in Farming Systems in North Kordofan 
The severe wind erosion experienced in the Sudan results in dust storms, 
which occur throughout the year, but are most intense in summer. Peaks of 
dust storms seemed to coincide with low rainfall (Ayoub, 1998). Generally, 
wind erosion can become a problem whenever the soil is loose, dry, bare or 
nearly bare, and the wind velocity exceeds the threshold velocity for initiation 
of soil particle movement (Michels et al., 1995a). 
 
In North Kordofan in general and study area in particular agricultural land is 
liable to wind erosion. Except for a few months in the growing season, soil 
surfaces are mostly bare and without adequate wind erosion control 
measures. Moreover, the sandy textures and dry climatic conditions make 
soils highly erodible for most of the year. Winds that exceed the threshold 
wind speed for soil particle movement may occur during two distinct periods. 
The first is during the dry season (October-April) the area is subject to dry 
and rather strong northeastern winds, locally known as Harmattan that may 
result in moderate transport (Michels et al., 1995a). The second and most 
important erosion period is the early rainy season (May-July), when rainfall 
comes with heavy thunderstorms. The duration of these events is usually 
short, approximately 10 to 30 minutes, but may result in intense soil particle 
movement (Michels et al., 1995a). Emerging seedlings from seeds that are 
sown after the first rains suffer from abrasion and burial in sand during these 
early rainy season storms. Abrasion, or sand blasting, damages plants by the 
scorching effect of blowing sand particles. Burial of plants causes problems 
after storms by reduced sunlight interception and by high soil temperatures 
 
 
 
 
 
during daytime. The damage ranges from reduced growth and development, 
and in the worst cases to total destruction of the crop (Michels et al., 1995b; 
Sterk et al., 1996).  
 
In the study area Khair El Seid, (1998) studied wind erosion during two 
seasons 1996 and 1997 using vertical and horizontal soil traps. He found that 
potential wind erosion was much less on tree or grass fallow compared to bare 
soils. The estimated amount of soil loss through wind was about 15.4 ton ha-1 
yr-1 on bare soils and 0.2 ton ha-1 yr-1 on grass fallow and the nitrogen 
percentage in eroded soils ranged between 0.05 to 0.005%. Stoorvogel and 
Smaling (1990) estimated that the percentage nutrient contents of eroded soil 
of low fertility class land use systems as 0.05%, 0.02% and 0.05% for N, P and 
K, respectively. 
 
 
 
 
 
CHAPTER III 
MATERIALS AND METHODS 
3.1 Study Area 
3.1.1 General  
The study was carried out in the State of North Kordofan, Sudan (Figure1). 
The State lies between latitudes 11° 15′ and 16° 30′ N and longitudes 27° to 
32° E within arid and semiarid zones. Based on average annual rainfall 
amounts and soil types the State can be divided into two main geographical 
zones: - 
• The northern zone: lies between latitudes 14° 00′ and 16° 40′ N is semi-
arid with annual rainfall of 0-300 mm. The soils are mainly sandy, and 
• The southern zone: lies between latitudes 12° 00′ and 14° 00′ N. Annual 
rainfall is about 300-500 mm, which is increasing from north to south. 
The soils are mainly stabilized sands intersected with clay.  
 
3.1.2 Location of the Study Site 
The study site (Figure 1) is located at El Demokeya Forest Reserve, which lies 
in the southern zone between latitude 13° 16′ N; longitude 30° 29′ E, and 
altitude 560 m. The forest lies about 31 km east of El Obeid town, the capital 
of North Kordofan State (13° 10′ N; 30° 12′ E). El Demokeya is an 
experimental forest with focus on gum Arabic production. It was established 
and reserved in 1959/60 and gazetted in 1963. 
 
3.1.3 Topography 
The land surface is gently undulating plain of low relief mostly covered with 
sand sheet and dunes and featured with isolated jebels (hills) of basement 
complex outcrops. 
 
 
 
 
 
 
 
 
Figure 1. Sudan, North Kordofan State and study Site 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Africa, Sudan, North Kordofan State (shaded) and the 
study site 
 
 
 
 
 
3.1.4 Geology and Hydrology 
The principal geological formations of the North Kordofan States include:  
1) Basement Complex, 2) Nawa Formation; 3) Nubian Sandstones, 4) Um 
Ruwaba Formation, and 5) Superficial deposits, which include mainly 
the clay plains, Qoz sands and wadi-fill.  
 
The superficial deposits of the study site are wind blown accumulations of 
sands derived from the broken Nuba Sandstones formations (Fadul and 
Abdelrahim, 2000).  
 
3.1.5 Soils 
According to FAO, Soil Map of the World the soils of the site are 
characterized as Cambric Arenosols (FAO, 1995). The soils are typically 
sandy mainly Aeolian deposits of well-graded fine, medium to coarse sands, 
up to 50 m thick locally known as “Goz” soils (Fadul and Abdelrahim, 2000). 
They are reddish in color, which becomes paler with depth. The profile is 
generally structure less and pH ranges from 5 to 6.5 (Daldoum and Nimer, 
2002; Nimer, 2000). It is poor in minerals, organic matter and clay contents, 
with negligible water holding and CEC. The content of organic matter are 
generally low (e.g. 4970 kg C ha-2, upper 10 cm ≈ 5000) (Olsson and Ardö, 
2002). These soils are characterized by high permeability to water and 
relatively high water availability for plants during the dry season. This is due 
primarily to lower bare soil evapo-transpiration in sandy soils, as water 
penetrate deeper (Zarroug, 2000; Ayoub, 1998). The total available water 
(water retained between field capacity and permanent wilting point) was 
about 16% and the infiltration rate was 6.0 mm/min, indicating nonexistence 
of surface runoff on these soils (Gaafar, 2005). These soils also have the 
advantages of easy manual tillage, easy penetration of roots and ready release 
of water to extensive rooted crops, especially millet, roselle and watermelon. 
These characteristics can compensate for its inherent poor fertility.   
 
 
 
 
 
 
3.1.6 Vegetation 
The forest area where the study was conducted is about 3150 ha. Prior to the 
establishment of the forest in 1959/1961, some parts of the site were under 
fallow and others were under cultivation (Sheikh Hussein, El Demokeya 
Village, personal communication). The fallow parts were covered by Acacia 
senegal as a dominant tree species, however, in low laying areas and inter-
dunes grounds some species such as: higlig- Balanites aegyptiaca; merikh-
leptadena pyrotechnica; sheheit-Combretum acculeatum; mekhiet- Boscia  
senegalensis can be found. Common grasses and herbs are mainly: Aristidia 
pallida, Eragrosties tremula, Cenchrus biflorus, cenchrus ciliaris and herbs 
covered approximately 60%. 
 
The area under Acacia senegal is ca. 1500 ha. The age of the plantations 
ranged from 5 to 35 years. The plantation was established partly by bare 
rooted seedlings, partly by direct seeding in the1960s and partly by 
containerized seedlings during the 1970s-1990s (Ballal, 2004). Initial stocking 
was 420 tree ha-1 with spacing varying between 4x4 and 5x5 m. Since 1961, a 
program for field experiments with A. senegal had been in progress focusing 
on silvicultural and management of the species for gum production and 
agroforestry (Ballal, 2004). The plantation where the present study was 
conducted was planted in 1987 at initial spacing of 4x4 m. The seedlings were 
not inoculated with either rhizobia or mycorryzal fungi and received no 
irrigation. No fire incidence has been recorded in the stand, but the plantation 
is not protected from grazing animals. 
 
3.1.7 Climate 
The study site lies in the semi-arid zone. The rainfall varies greatly in time 
and space. The long-term average annual rainfall at this location is 358 mm, 
and it occurs from July to September. The mean relative humidity is 34%, 
 
 
 
 
 
decreasing to 14% during the drier months and increasing to 60% in the wet 
season. The mean annual evaporation is 15.5 mm day-1 and increases to 20 
mm day-1 in the hot summer months (Ballal, 2004). The daily mean minimum 
and maximum temperatures are 20 and 34°C, respectively. Temperatures can 
be as high as 46°C during the hot summer months.  
 
In the study area four seasons can be recognized. These are: 1) the rainy 
season (Kharif), from May to October, with peak rains in August; (2) the 
harvest seasons (Dart), follows through to early December with low humidity 
and night temperatures; (3) the cold dry season (Shita), from December to 
mid-February, with moderate temperatures and comfortable humidity; and 
the hot dry season (Seif), with prevalent north-easterly winds, through to mid-
May. 
 
3.1.2 Experimental Design and Treatments 
A field experiment of 1.9 ha was established in 12-year-old A. senegal 
plantation in El Demokeya forest during the rainy season of 1999. The main 
objective was to investigate the effect of the density of a planted A. senegal 
stand on two traditional food and cash crops, sorghum and roselle to 
determine the interaction between trees and field crops, using gum and 
agricultural crop yields and physiological characteristics as criteria (Gaafar, 
2005). 
 
In early May of 1999 about 27 plots of 20x30 m were established side by side 
with 10 m between plots in either direction. The plots were randomly 
allocated to blocks, using a randomized complete block design (RCBD) with 
three replications (See Appendix I). First, before the plots demarcation, three 
blocks were selected in the plantation to avoid slope and to make sure that all 
plots would have almost same soil properties. Two densities of A. senegal were 
chosen. Beside natural death, the trees in each plot were randomly thinned 
 
 
 
 
 
when appropriate to reduce them to the desired density. Spacing between 
trees within plots was not uniform ranging from 6 to 8 m.  The tree densities 
used were 16 and 26 trees plot-1, corresponded to 266 trees ha-1 which referred 
to as low density (LD) and 433 trees ha-1 which is referred to as high density 
(HD), respectively. The two crops used were namely Sorghum bicolor (L.) 
Moench, (Arabic) “Dura” and roselle Hibiscus sabdariffa L. (Arabic) 
“roselle”. Beside the intercropped trees with sorghum and roselle, plots with 
trees and grasses at the two tree densities and plots with pure sorghum; pure 
roselle and pure grass were used as control. The experimental layout can be 
summarized as follows: 
Main plot factor: A. senegal tree density  
Level 1: 26 trees plot-1 (433 trees ha-1), referred to in the text as high tree 
density (HD) 
Level 2: 16 trees plot-1 (226 trees ha-1), referred to in the text as low tree 
density (LD) 
Level 3: no trees  
Sub-plot factor: Intercrop  
Level 1: sorghum 
Level 2: roselle 
Level 3: grass 
 
Combinations of these factors resulted in a total of 9 treatments. These were 
arranged to the three complete blocks. The treatments used were as follows:  
(1) Treatment 1. Intercropped sorghum at high tree density (HD+S) 
(2)  Treatment 2. Intercropped sorghum at low tree density (LD+S)  
(3) Treatment 3. Pure sorghum (PS), 
(4) Treatment 4.  Intercropped roselle at high tree density (HD+R), 
(5) Treatment 5. Intercropped roselle at low tree density (LD+R), 
(6) Treatment 6. Pure roselle (PR). 
(7) Treatment 7.  Grass with trees at high density (HD+G), 
 
 
 
 
 
(8) Treatment 8. Grass with trees at low density (LD+G), 
(9) Treatment 9. Pure grasses (PG), 
 
Before conducting the present study the experimental site was cropped and 
tapped for gum Arabic for three consecutive seasons, 1999, 2000 and 2001. In 
June 2002 when this study was conducted the plantation age was 15 years old. 
The study used the same experimental design, tree densities and types of 
crops with some modifications. These are mainly regarding weed-free plots 
where in this study weeds were left to grow in both pure grass plots and pure 
A. senegal plots. Details about the treatments used are summarized in Table 1. 
 
Table 1 Treatments used in the study, their codes and descriptions 
Treatment 
No. 
Code Trees ha-
1 
Treatments description 
1 HD+S 433 A. senegal at 26 tree per plot with sorghum 
2 LD+S 266 A. senegal at 16 tree per plot with sorghum 
3 PS No trees Pure sorghum 
4 HD+R 433 A. senegal at 26 tree per plot with roselle 
5 LD+R 266 A. senegal at 16 tree per plot with roselle 
6 PR No trees Pure roselle 
7 HِD+G 433 A. senegal at 26 tree per plot with Grass 
8 LD+G 266 A. senegal at 16 tree per plot with Grass 
9 PG No trees Pure Grass 
 
3.3 Crop Management. 
Sorghum local variety "Zinari" and roselle local variety "Rahad" were sown 
at the onset of the rainy season on 15th July 2002, 20th July 2003 and 18th July 
2004. Using rod-markers set at the desired distances, sorghum was sown at 
inter- and intra-row spacing of 0.75x0.35 m. Roselle was sown at inter- and 
intra-row spacing of 0.75x0.25 m, corresponding to ARC recommendation. In 
 
 
 
 
 
plots with trees both crops were planted under the trees up to 1m from tree 
trunk. Planting holes were made with traditional hand hoe of 0.15 m blade 
and 1.25 m handle. Seeds were placed by hand at about 0.03 m depth and 
covered by foot. Both sorghum and roselle were thinned to two plants per hole 
after two weeks from sowing. Re-sowing was carried out when necessary after 
two weeks from initial sowing dates and normally done when there was 
sufficient soil moisture. In 2004 re-sowing was done twice for both sorghum 
and roselle because of rat damage. All plots were weeded manually three 
times: one week after sowing; at thinning and at booting (sorghum) and 
flowering. In an effort to protect sown seeds and germinating seedlings 
against rat damage rat baits in the form of Zinc phosphate was applied to the 
treatments.  
 
3.4 Data Collection and Analysis 
3.4.1 Field Measurements  
In order to get locally derived key values for different inputs and outputs 
parameters to use in the nutrient balance model, some simple field 
measurements were carried out. These include, soil physical and chemical 
characteristics and nutrients stocks, tree biomass estimations, crop yields and 
nutrient concentrations. 
 
3.4.1.1 Soil Characteristics and Nutrients Stocks 
To determine soil characteristics and consequently nutrient stocks under the 
land management systems after three cropping seasons, baseline soil samples 
were taken from the experimental site. Soil samples were taken in June 2002 
before rainfall commencement. Soil samples were collected from all plots 
from two-soil depth (0.0-0.3 and 0.3-0.6 m). However, only soil nutrients 
concentrations at 0.3 m soil depth under the different land management 
systems were used to calculate soil nutrient stocks in the nutrient balance 
 
 
 
 
 
analysis. This is mainly because the accumulation of organic matter and 
nutrients are largely confined to this layer (Deans et al., 1999). 
 
In plots with pure crops and pure grass, soil was sampled from five locations. 
Four samples were collected at distances of two meters from the corner of the 
plot and one from the center (total 144 samples). For all treatments with A. 
senegal, in each plot four samples were taken. Two samples were taken one 
meter from tree trunk under the canopy of two trees (small and large) and 
two samples in the open from areas mid-way between trees (288 samples), as 
these two micro-sites typically differ in soil chemical properties (Deans et al., 
1999). To reduce the number of samples for transport and subsequent 
analysis, within each treatment series, samples from identical depths and 
locations were combined and thoroughly mixed before taking a sub-sample of 
500 g for analysis (Deans et al., 1999). Thus, overall, 90 separate soil samples 
(9x5x2) were collected from plots with pure crops and pure grass, and 144 
samples (18x4x2) were derived from plots with Acacia senegal trees. 
 
3.4.1.2 Biomass and Yields Estimation 
The available biomass is a crucial factor for how much organic matter is 
produced and be available for soil enrichment. The annual amount of organic 
matter is very important input in the land management systems and 
particularly in the tree-based systems. Therefore, it was felt necessary to 
estimate the amount of biomass produced per year in each plot. It is in 
general accepted that only a fraction of the produced biomass per year 
becomes litter, while organic matter is only a fraction of this litter input (Swift 
et al., 1979). 
 
The biomass production considered in this study can be divided into five 
components. These are:  
1. Acacia senegal leaf biomass 
 
 
 
 
 
2. Sorghum grains and stover  
3. Roselle calyx, seeds and stover,  
4. Grass above-ground parts, and  
5. Roots turnover from trees, crops and grasses.  
It is worth noting that in the study area the farmer utilizes all crop residues as 
building materials and feeds for livestock. Therefore, their contribution to soil 
nutrients is assumed to be negligible. However, only nutrient inputs from 
roots turnover are considered in this study. 
 
 
3.4.1.2.1 Acacia Senegal Biomass  
Tree biomass is defined as the total amount of living organic matter in trees 
and is expressed as oven-dry biomass per unit area (Brown, 1997). Adopting 
the conceptual model developed by Robertson, (1994) for estimating nitrogen 
budget in A. senegal-sorghum bicolor system, the study assumes that the 
nutrient contribution of Acacia senegal through organic matter is mainly 
from leaves litter and fine roots (<2 mm). Further, all leaves and fine roots are 
assumed to be shed each year after the end of the growing season and that all 
nutrients in both the leaves and fine roots will be available for plant uptake 
(Bernhardt-Reversat, 1982).  
 
For measuring and estimating above- and below-ground dry biomass of A. 
senegal regression equations developed by Deans et al., (1999) were used. The 
authors found that the tree biomass was linearly related to the stem cross-
sectional area (CSA) at 0.3 m height. Following these procedures the 
diameters of all trees in each plot were measured at the specified height and 
the CSA (in mm2) were calculated for all trees in each plot. For trees with 
multi-stems all diameters were measured and summed up using Mac Dickens 
et al., (1991) formula: 
D combined = √d21 +d22+d23...d2n. ………………………………………….…. (1) 
 
 
 
 
 
 
It is worth noting that the trees in the experimental sites are clearly variable, 
where diameter at 0.3 m ranged from 8 to 23 cm. This variability could be due 
to diverse sources including among others soil differences and seed sources. 
Hence, to arrive at representing tree for biomass estimation, all trees in each 
plot were measured for height and crown dimensions. Subsequently, the trees 
were stratified into three size-classes (small, medium and large). In each plot 
the average tree in each size-class was used to compute biomass per tree, 
using the regression equations developed by Deans et al., (1999) as follows: - 
a) Total aboveground biomass (YAG) in (g) was calculated as: 
  YAG= -3.71+ 4.12 x CSA      r2 = 0.97 ……….............. (2) 
b) Fine root biomass (YFR) in (g) was calculated as: 
  YFR= 23.4 x CSA0.512     r2 = 0.80 …........….............(3) 
c) Coarse root biomass (YCR) in (g) was calculated as: 
 YCR= 0.0004x CSA1.737   r2 = 0.89…..........................(4) 
 
The total biomass per plot was determined by multiplying the average tree 
biomass by the total number of trees in the plot. These in turn were 
extrapolated to per ha basis to calculate nutrient balance of the land 
management systems. 
 
To determine the amount of litter fall, litter trays (each with 0.5 m2 
catchments) were placed under the canopy of three trees (small, medium and 
large) at 1 m from the trunk of the tree in all plots with trees. The litter fallen 
in the trays was collected fortnightly from early June (flush time) to the end of 
March (end of litter fall). Samples were oven dried, weighed and analyzed for 
total N, P and K. The total amount of litter per plots was calculated by 
multiplying the average litter of three trees by the number of trees per plot. 
Similarly, the amounts of nutrient per plots were obtained by multiplying the 
amount of litter per plot by the percentage nutrient contents in litter. These in 
 
 
 
 
 
turn were extrapolated to kg ha-1 to calculate nutrient balances of the land 
managements systems. 
 
3.4.1.2.2 Gum Arabic Yield 
A. senegal is the most famous species for gum arabic production. Estimates of 
gum production in this species vary and fluctuating between 0.1 to 10 kg tree-1 
(Ballal, 1999). Hence it was felt necessary to obatin actual yields for the 
nutrient balance analysis. To estimate the amount of gum yield and hence the 
amount of nutrients taken up, average 5 trees per plot were selected. These 
trees were tapped annually on the 15th  of October the most optimum tapping 
date (Ballal, 2002). Only five branches per tree were tapped. Gum picking 
commenced after 40 to 45 days from tapping. In this study only eight pickings 
were taken. Gums collected from separate pickings per tree were kept in 
plastic bags and fresh weight was determined. Then the gum was oven dried 
for constant weight at 65 °C and final dry weight was determined using 
electrical balance.  
 
3.4.1.2.3 Aboveground Biomass of Crops and Grass 
To measure the amount of biomass and hence nutrient composition of 
sorghum, roselle and grasses in intercropped plots, four quadrants were 
constructed in each plot, two quadrants under the tree canopy and two in the 
open (interspaces). In pure crop plots, five quadrants were constructed one in 
the middle of the plot and four at the four corners. For sorghum and roselle, 
sampling was carried out at harvest time (October), while for grasses it was 
carried out in September at the peak of standing biomass. Grass species were 
identified and their percent composition in the sample was recorded 
(Appendix II). 
 
All plants within each quadrant were cut at the ground level. Sorghum plants 
were separated into heads (grains and husk) and straw, roselle was separated 
 
 
 
 
 
into capsules containing (calyx and seeds) and straw (leaves and stem). All 
plants were placed into paper bags and fresh weight was determined. To 
determine dry matter, all plants were dried at 70°C for 48 hr and reweighed. 
After drying, hands threshed sorghum heads; grain yield, grain weight and 
straw dry matter were determined. Roselle calyces were peeled from the 
capsules and the weight of the calyces, capsules and seeds were determined 
using electrical balance.  
.  
Due to sorghum crop failure in the first season (2002), plant samples taken 
from 2003 and 2004 crop were used for nutrient analysis. Furthermore, due to 
logistical reasons (high cost of analysis) only sub-samples from treatments 
were used in plant analysis. In inter-cropped treatments data obtained from 
plants under tree canopy and in the open space were summed up to obtain 
total yields per treatments (Deans et al., 1999).  
 
 
3.4.1.2.4 Belowground Biomass 
In this study sorghum, roselle and grasses were considered to have two 
components viz. above- and below-ground. The aboveground crops residues 
of both sorghum and roselle as mentioned earlier were taken to be completely 
removed each year through harvesting and were considered as an output 
leaving the system. In this study only the below ground component (fine and 
coarse roots) of the two crops and grasses were considered as an input 
contributing to the soil organic matter as roots turnover.  
 
Root biomass of crops was estimated by assuming the root: shoot ratio as 0.1 
(Jackson et al., 1996). Consequently, the root biomass (Yr) was estimated from 
the relation:  
Yr = Y x 0.1………………………………………………...................… (5) 
Where:  
 
 
 
 
 
Yr is the root biomass (g).  
Y is total aboveground biomass (g) (straw plus grain yield). 
In this study grasses occur under trees, between trees in plots with A. seneal 
and in pure grass plots. To estimate grass root biomass the values obtained by 
Grouzis and Akpo (1997) were used. The authors found that root: shoot ratios 
for grasses were 1.6 under canopy and 4.0 in the open (interspaces). In this 
study these values were used to calculate grass root biomass as follows: 
RBO = 4.0 x BAG …………………………………………………….….... (6) 
RBU = 1.6 x BAG……………………………………………………..… ..  (7) 
Where:  
• RBO is root biomass (g) in the open space, RBU is root biomass (g) under 
tree canopy, and BAG is total aboveground biomass (g). 
 
To determine nutrient concentrations in root systems of crops and grasses 
root samples were taken from the same quadrants used to sample 
aboveground biomass. A spade was used to dig out some of the roots. Root 
samples were taken in paper bags, weighed, dried at 70° C for 48 hr and 
reweighed to obtain dry matter weight. Sub-samples were used for nutrient 
analysis (see section, 3.4.2). Amount of nutrients per plot were obtained by 
multiplying plot biomass by the correspondent nutrient percentage. 
 
3.4.2 Soil and Plants Nutrients Analysis 
Soil analysis was carried out at the Center for Land and Water Research 
(CLWR) at the Agricultural Research Corporation (ARC) at Wad Medani, 
Sudan. Based on procedure specified by FAO (1970), the following soil 
characteristics were determined:  
1. Particle size distribution was assessed by pipette and sieving method; 
2. Organic carbon (OC) by Walkley-Black oxidation method,  
3. Total nitrogen (N) by the micro-Kjeldahal method, 
 
 
 
 
 
4. The C/N ratio was calculated by division of the percentage of carbon by 
the percentage of nitrogen, 
5. Phosphorus was determined by the molybdenum blue method , 
6. Potassium was determined by flame photometric method,  
7. Soil pH was determined by glass electrode in 1: 2.5 soil: water paste, 
and 
8. Soil bulk density was determined by cylinder method. 
 
Plant analysis was undertaken at the Animal Nutrition Laboratory (ANL) at 
El Obeid Agricultural Research Station (EARS). For analysis of mineral 
nutrients in A. senegal leaves; grains, straw and roots of sorghum, roselle and 
grasses, plants sub-samples were ground to pass a 2-mm sieve and analyzed 
for nitrogen (N) phosphorus (P), and potassium (K). The nutrient in grains 
plus those in stover were taken as the measure of total uptake. All chemical 
analysis for vegetation samples was undertaken using procedures described 
by Allen et al., (1989). Before these procedures plant materials were converted 
into solution by wet digestion and the following analyses were performed: - 
1. Nitrogen (N) by micro-Kjeldahl method;  
2. Phosphorus (P) was measured calorimetrically using 
spectrophotometer (Hitachi V-3300) according the molybdenum 
blue method (Olsen and Sommer, 1982), 
3. Potassium (K) by flame-emission photometry, and   
4. Organic carbon was estimated based on literature.  
 
3.5 The Nutrient Balance Model 
The tool used to assess soil fertility status under the land management 
systems, is the nutrient balance model developed by Stoorvogel and Smaling, 
(1990). This model determines net surpluses or deficits of nutrients by 
measuring and summing all of the “inputs” and “outputs” of flows in a given 
 
 
 
 
 
plot. This model comprises of six inputs and six outputs parameters (see 
Fig.2). 
 
For simplicity, in this study a plot-based level approach was adopted where 
calculating all nutrients entering and leaving a plot and the balance (inputs 
minus outputs) was calculated. Hence, nutrient balances were calculated for 
all plots within each replication, and the balances of the land management 
systems were calculated by aggregating input and output data for all plots 
representing the system. The algebraic sum of inputs and outputs making the 
nutrient balances were computed using the following formula: - 
 
Net nutrient balance = ∑ nutrient inputs –∑ nutrients outputs……….... (8) 
 
The term “nutrient” in this study is confined to four macronutrients: nitrogen 
(N), phosphorus (P), potassium (K) and organic carbon (OC). These nutrients 
were considered as the most important nutrients for the sustainability of crop 
production in the study area (Olsson and Ardö, 2002). The identified key 
nutrient inputs and outputs of N, P, K and OC were measured over three 
production seasons 2002, 2003 and 2004 to produce a nutrient balance for the 
land management systems under investigation. 
Ideally, the approach assumes that all inputs and outputs should be measured. 
Since, this study is only diagnostic in nature and due to logistical reasons only 
three inputs (IN2, IN3, and IN4) and four outputs (OUT1, OUT2, OUT3 and 
OUT4) were measured (see Fig. 2).  
 
The nutrients balances for N, P, K and organic carbon (OC) were calculated from a 
combination of four inputs and four outputs. The type of data required and the 
method of quantification for each input and output values were summarized in 
Table (2). The structure of the tables follows that of the decision support model for 
 
 
 
 
 
nutrient monitoring (NUTMON) under agricultural land use developed by Smaling 
and Fresco (1993). 
 
The original generic model comprises of six inputs and six outputs parameters 
(Fig. 2). In the study area there are no applications of inorganic fertilizers and/or 
animal manure. Also there is no irrigation or flooding. Hence, inorganic fertilizers, 
organic manure, sedimentation, and sub-soil exploitation identified as IN1, IN2, 
IN5 and IN6 in the original model (Stoorvogel and Smaling, 1990) were not 
considered in the calculations. Similarly, this also applies for some outputs such as 
gaseous losses (OUT4) and human excreta (OUT6). 
 
3.5.1 Nutrient Input Flows (Table 2) 
The major input flows monitored were: 
1. Tree biomass (IN2a), comprising mainly leaf fall in inter-cropped plots;  
2. Grass straw (IN 2b) in all plots containing grasses 
3. Roots biomass of trees, crops and grasses (IN 2c) in all plots. 
4. Atmospheric deposition (IN 3), 
 Dry deposition (IN3a) 
 Wet Deposition (IN3b) 
3. Biological N-fixation (IN 4), 
3.1 Symbiotic (IN4a) 
Figure 2. Nutrient Balance Model 
 
 
 
 
 
 
Source: Stoorvogel and Smaling, (1990). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2 Non-symbiotic (IN4b) 
 
3.5.2 Nutrient Output Flows (Table 2) 
This study assumes that the nutrient uptake by crops in soil systems is only 
from the nutrient in the effective soil depth. The effective soil depth 
considered for sorghum and Roselle were 0.30 m. This, however, may vary 
slightly due to the topography of the study site. With regard to nutrients 
uptake by trees it was assumed that these nutrients are recycled annually.  
 
The major output flows quantified were: 
1. Nutrients removed in harvested products (OUT1). These mainly include: 
1.1 Sorghum grains (OUT 1a).  
1.2 Roselle calyces and seeds (OUT 1b) 
1.3 Removal in collected gum (OUT 1c) 
2. Removal in crop residue (OUT 2), 
2.1 Sorghum stover (OUT 2a) 
2.2 Roselle stover (OUT 2b) 
3. Leaching (OUT 3), and 
4. Wind erosion (OUT 4) 
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 Table 2. Data required and Methods of Quantification of the Input and Output parameters Used in the Calculation of N, P K  
and OC Balances 
Inputs parameters Code and nutrients Data required Methods of quantification 
Biomass IN 2a (tree biomass) 
IN 2b (grass) 
IN 2c root biomass 
• Amount of litter collected 
• Number of trees per plots 
• Nutrient content of litter 
• Root biomass 
• Nutrients contents in 
roots 
• Field measurements 
• Laboratory analysis 
Atmospheric Deposition IN 3a (N, P and K) 
IN3b (N, P and K) 
• Average annual rainfall 
• N and P in the rainfall 
• Rainfall records 
• Transfer functions 
Biological nitrogen 
fixation 
IN 4 (N only) • % Symbiotic fixation • Estimates based on secondary data 
Output parameters    
Harvested products OUT 1a (sorghum grains) 
OUT 1b (roselle calyces 
and seeds) 
OUT 1c(gum Arabic) 
• Crop yield 
• Nutrient content of 
product 
• Field measurement 
• Combination of laboratory analysis and 
estimations 
 
Crop residues OUT 2 (C, N, P and K) • Residue yield 
• Nutrient contents in 
residues 
• Field measurement 
• Combination of laboratory analysis and 
estimations 
Leaching OUT 3  (N only) • Average rainfall 
 
• Rainfall records 
• Estimate (transfer function) 
Erosion OUT 4 (N, P, K) • Amount of eroded soils 
• Nutrient contents in 
eroded soils 
• Estimates based on secondary data 
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3.5.3 Quantification of Nutrient Flows 
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To determine nutrient input and output values, a step-wise approach has been 
adopted (Smaling and Fresco, 1993), where the different determinants of IN 
1-3 and OUT1-4 were calculated at plot level and then standardized to per ha 
basis. Nutrients flow of inputs and outputs (Table 2) used in the analysis were 
quantified using three methods: 
 
(1) Primary data based on direct field measurements and laboratory 
analysis,  
(2) Estimates based on mixtures of field measurements, off-sites and/or 
transfer functions, which are empirical relations derived on the 
basis of aggregated knowledge from previous studies, and 
(3) Assumptions based on secondary data from a variety of sources 
(Table 3). 
 
3.5.3.1 Soil Nutrients Stocks  
Soil fertility under the different land management systems was calculated for 
the topsoil layer only (0-0.3m), because the accumulation of organic matter 
and nutrients is largely confined to this layer (Deans et al., 1999) and because 
the effective rooting depth of the agricultural crops studied do not extend 
beneath that layer. Nutrient stocks were generally reported in terms of kg ha-
1. Chemical analysis of solid-phase nutrient concentration was determined on 
a percentage basis (%). Estimates of N, P, K and organic carbon at differing 
canopy position for plots with trees was derived by summation of the amounts 
of these nutrients in the canopy zones and the open space (Deans et al., 1999). 
Hence, the soil nutrient stocks in the topsoil (0-0.3 m) were calculated from 
the total soil nutrient concentrations and bulk density using the following 
formula (Young, 1976): 
C (kg ha-1) = SW x BD x C%x10-2.......................…….........….............. (9) 
Where:  
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• C is nutrient content in kg ha-1; SW is soil weight; BD is bulk density; 
C% is nutrient content in percentage. 
 
3.5.3.2 Plants Organic Matter (IN2). 
Nutrients contribution of the OM depends on the amount of dry matter 
produced. Using the biomass yields (dry weight) and nutrients concentrations, 
the contribution of tree leaves and fine roots (IN2a), grass shoots and roots 
(IN2b) and crops (sorghum and roselle) products and residues to soil fertility 
was estimated. The total biomass in kg ha-1 for each plant component was 
multiplied by nutrients concentrations of the respective component. However, 
the average amount of nutrients accumulated in the fine roots of A. senegal 
was estimated using the values obtained by Deans et al., (1999) which amount 
to 1.70%, 0.07 and 0.21 for N, P and K, respectively.  
 
To determine OC in plants tissues a generic concentration of 50% in all 
biomass pools was assumed and applied in the analysis. According to 
Grunzweig et al. (2003) a generic carbon concentrations of 50% (w/w) has 
been assumed and widely disseminated, but other reports supported by little 
data claimed that carbon concentrations of wood varies depending on the 
species at least over a range from 47% to 59%. However, a reassessment of 
carbon content in hardwood ranged from 46.3% to 49.9% and in soft wood 
from 47.2% to 55.2% (Lamlom and Savidge, 2003). According to Grunzweig 
et al., (2003) differences in carbon concentrations among leaves, branches and 
stem of the tree were insignificant. 
  
3.5.3.3 Atmospheric deposition (IN 3) 
3.5.3.3.1 Dry Deposition (IN3a) 
Considerable amounts of nutrients are supplied to the soils by the processes of 
dry and wet deposition (Kessler and Breman, 1995). In case of dry deposition 
fine soil lost through wind erosion may be intercepted by trees and deposited 
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by mechanical impaction or as throughfall and stem flow. Dust deposition 
may be particularly important during the dry season when strong winds 
prevail (Kessler and Breman, 1995). Also dust carried by wind were said to be 
containing high potassium. It has been reported that dust carried by winds 
can contribute up to 3 kg ha-1 yr-1 of nitrogen (N), 1 kg ha-1yr-1 phosphorus (P) 
and 15 kg ha-1 yr-1 potassium (K) (Herrmann et al., 1996 and Ramisch, 1999). 
Since there are no data for the study area the above figures were applied in 
the calculations of dry atmospheric deposition (IN3a). 
 
3.5.3.3.1 Wet Deposition (IN3b) 
Soil nutrient enrichment through wet deposition is another important factor. 
The amount of nutrient concentrations in rainwater under trees (throughfall) 
and in the open showed some differences. For example, Bernhardt-Riversat, 
(1982) found nitrogen enrichment of 5.3 kg ha-1 under Acacia senegal. 
Ramisch (1999) estimated that in low rainfall areas the input from wet 
deposition could contribute an average of 5.0, 1.2 and 3.5 kg ha-1 yr-1 of N, P 
and K, respectively. However, since there are no available local data on wet 
atmospheric deposition (IN 3b) for the study area that lies the contribution of 
this parameter to N, P and K was calculated as the square root of the average 
annual rainfall using the regression equation derived by Stoorvogel and 
Smaling (1990). The regression coefficients were: 
IN 3b (N) = 0.14 x √RF…….………………….…………..……...... (10) 
IN 3b (P2O5) = 0.053 x √RF…………………………………………… (11) 
IN 3b (K2O) = 0.11 x √RF..………………………………..….…….… (12) 
Where:  
• IN3b, is the nutrient content in kg ha-1 yr-1, and RF is rainfall in mm yr-
1. 
Amounts of daily rainfall during the study period (2002 to 2004) were 
recorded using rain gauges installed at the experimental site. Rainfall during 
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the experimental period was 86, 324 and 195 mm during 2002, 2003 and 2004, 
respectively (Figure 5).  
 
Table 3. Nutrients input and output parameters used in the analysis, units, 
data type and data sources 
Inputs/outputs 
parameters 
Code Units Data type Data sources 
INPUTS    
Organic matter IN2 % Estimates 
Tree leaves biomass IN2a % Estimates 
Tree root biomass IN2a % Assumption 
Grass shoot IN2b % Estimates 
Grass roots IN2b % Estimates 
 
Field measurements 
Field measurements 
Deans et al., (1999) 
Field measurements 
Field measurements 
Sorghum roots IN2c % Estimates 
Roselle roots IN2d % Estimates 
Field measurements 
Field measurements 
Atmospheric 
deposition 
IN3    
• Dry deposition IN3a Kg ha-1 Assumption Ramisch (1999) 
• Wet 
deposition 
IN3b Kg ha-1   Estimates/ 
transfer 
Function 
Stoorvogel & 
Smaling (1990) 
Nitrogen fixation IN4    
• Symbiotic IN4a Kg ha-1 Assumption Mobbs & Cannell, 
(1995), Felker et al. 
(1980) 
• Non-symbiotic IN4b Kg ha-1   Assumption Stoorvogel & 
Smaling, (1990) 
OUTPUTS     
Grain (sorghum) OUT1a % Estimates 
Calyx (roselle) OUT1b % Estimates 
Seeds (roselle) OUT1c % Estimates 
Field measurements 
Field measurements 
Field measurements 
Sorghum stover OUT2a % Estimates 
Roselle stover OUT2b % Estimates 
Field measurements 
Field measurements 
Leaching OUT3 kg ha-1   Assumption Ramisch, (1999) 
Wind erosion OUT4 Kg ha-1 Assumption Khair El Seid, 
(1997); 
Stoorvogel & 
Smaling, (1990) 
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3.5.3.4 Biological Fixation (IN4) 
3.5.3.4.1Symbiotc (IN4a) 
Throughout the study it was assumed that A. senegal fix nitrogen. However, 
data on biological nitrogen fixation by A. senegal is controversial and 
contradicting (see Section 2.2.4.1 Chapter II). From the aforementioned 
account it is clear that there are no empirical data as how much N is fixed by 
A. senegal and this make estimates very difficult. However, taking all the 
above considerations into account, it was assumed that symbiotic nitrogen 
fixation (IN4a) by A. senegal under the conditions of the studied site semi-arid 
with rainfall ranging between 300-400 mm and the soil is sandy with very low 
mineral fertility was about 30% of (10 to 20 kg ha-1yr-1) of the total N in the 
soil. 
 
3.5.3.4.1Non-symbiotc (IN4b) 
Also, biological nitrogen fixation can occur through non-symbiotic bacteria 
growing on roots and in degraded litter; blue-green algae and lichens in semi-
arid ecosystems. Felker et al., (1980) reported that in these ecosystems the 
amount of N that would be fixed non-symbiotically might be in the order of 3 
kg N ha-1 yr-1. The contributions by blue-green algae free-living bacteria are in 
the order of 1 and 2 kg N ha-1 yr-1, respectively. Similar values were also 
assumed for low rainfall areas by Stoorvogel and Smaling, (1990). In this 
study, there is no data on non-symbiotic nitrogen fixation, therefore, 3 kg N 
ha-1yr-1 (Felker et al.,1980) was used in the calculations to represent the 
amount of nitrogen that is fixed non-symbiotically (IN4b).  
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3.5.3.5 Crop Products ( OUT1) 
Removal of nutrients in crop products, which comprises of sorghum grains 
(OUT 1a), roselle calyces and seeds (OUT 1b) and Gum arabic (OUT 1c) was 
quantified using data from direct field measurements for (OUT 1a, 1b) and 
estimates from literature for gum Arabic (OUT 1c). For the calculation of 
OUT1a, and OUT1b the following formula developed by (Stoorvogel and 
Smaling, 1990) was used: 
 OUT 1= Area (ha) x ∑ (nutrients contents x yield) 
___________________________________________________…………… (13) 
     Total area of plot 
 
Gum Arabic (OUT1c) 
For gum arabic (OUT1c) the total gum produced per ha was multiplied by the 
nutrient concentrations in the gum, using the same formula as equation (13). 
The values of N and K in gum arabic were obtained from secondary data. 
Nitrogen content of gum arabic is estimated to range from 0.22% to 0.38% 
with mean value of 0.30% (Karamalla et al., 1998). Since the nutreint contents 
of gum arabic are estimates based on literature mean values of 0.36% and 
0.038% for N and K wer used in the basic analysis. There is no data available 
for specific values of P in gum Arabic. Hence, this mineral was excluded from 
the analysis.  
 
Crop Residues (OUT2) 
The amounts of crop residues that comprise sorghum stover (Out 2a), roselle 
stover (OUT 2b) and aboveground biomass of grass (OUT 2c) were obtained 
by direct field measurements. Removal of nutrients in crops residues was 
quantified using the same formula as in equation (13)  
 
3.5.3.6 Leaching (OUT3). 
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Given the nature of the soil in the study area leaching is a significant loss 
mechanism for some nutrients. No quantitative information was available on 
leaching within the study area or in comparable agro-ecological zones nearby. 
In tropical soils phosphorus is often tightly bound by soil particles (Stoorvogel 
and Smaling, 1990), therefore, leaching is only assumed to be noticeable with 
respect to nitrogen and potassium. Since there are no available data on 
leaching in the study area regression equations derived by Stoorvogel and 
Smaling, (1990) were used. These authors derived multiple regression 
equations for leaching (OUT3) using the generally accepted determinants of 
rainfall, soil texture (clay content), soil N and application of fertilizer (IN 1) 
and organic matter (IN 2). The multiple regression equations are the 
following: - 
 
(N) = 2.3 + (0.0021 + 0.0007 x F) x R + 0.3 x (IN 1 + IN2) - 0.1 x UN……. (14) 
(K2O)= 0.6+ (0.0011+0.002 x F) x R+0.5x (IN1+IN2)-0.1 x UK….…….… (15) 
Where:   
• F is the soil fertility class (1 - low; 2 - moderate; 3 - high), 
• R is the rainfall (annual average, mm);  
• IN1 is inorganic fertilizers,  
• IN2 is organic fertilizer;  
• UN is the total nitrogen uptake (kg ha-1 yr-1), and  
• UK is the total potassium uptake (kg ha-1 yr-1). 
 
In this study, however, it was assumed that the soils of the study area have 
low fertility (F = 1) and IN1 and IN2 are zero because it is not applicable in 
this study. Also, it was assumed that leaching occurs only in plots with pure 
crops. It has been hypothesized that trees reduce nutrient leaching and form a 
safety net under the root zone of annual crops (Van Noordwijk et al., 1996). 
Also evidence exists that trees are able to reduce nutrient leaching in 
comparison to pure crops (Hartemink, et al., 1996). 
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3.5.3.7 Soil erosion (OUT 4)  
Stoorvogel and Smaling (1990) estimated that the percentages nutrient 
contents transported in eroded soils of low fertility class land use systems are 
in the order of 0.05%, 0.02% and 0.05% for N, P and K, respectively. Since 
there are no available figures to rely on in the study site, the values reported 
by Stoorvogel and Smaling (1990) were applied in the calculations of nutrient 
balance. With regard to the amount of carbon, a value of 3% C reported by 
Sterk et al., (1996) was applied for calculation of carbon loss due to wind 
erosion in the study area.  
 
3.6 Sensitivity Analysis 
Sensitivity analysis is a means of testing the nutrient balance of the systems in 
respect to changes in key parameters. In this analysis a sensitivity analysis has 
been carried out to ascertain which parameter introduces greater impacts on 
the overall nutrient balance. This was obtained by calculating the range in net 
balance values, resulting from variations of inputs and outputs values in each 
parameter while setting all other parameters at their most probable values. In 
these types of studies the careful use of sensitivity analysis is very essential. 
This is justified by the fact that a simple, accurate and fully objective measure 
of nutrient flows is largely impossible (Scoones and Toulmin, 1998). This is 
inevitable, since all measurements and modeling studies have to assume some 
black boxes, or otherwise the data collection task would be almost infinite 
(Scoones and Toulmin, 1998). 
  
In this study some values for C, N, P and K balances were estimates based on field 
measurements and are regarded as the “most probable” for the study area. Whilst, 
some of the inputs and outputs flows such as atmospheric deposition (IN 3a and 
IN3b), nitrogen fixation (IN4a and IN4b), leaching (OUT3) and erosion (OUT4) 
were estimates from secondary data within which there is some variability. Hence, 
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to incorporate some of these uncertainties, sensitivity analysis was conducted and 
three net nutrient balance values have been calculated. These were:  
(1) "Most probable",  
(2) "Optimistic", and  
(3) "Pessimistic".  
 
The “most probable” scenario is based on direct measurements and 
secondary data typical for the study area, and can best reflect the actual 
nutrient balance of the study site. The procedures adopted for quantifying 
optimistic and pessimistic values followed the one used by Krogh, (1997). 
Using the values obtained in the "most probable" balances, the optimistic 
balances were calculated by combining high estimates of nutrient inputs and 
low estimates of nutrient outputs (1.25 x the estimates of inputs with 0.75 x 
estimates of outputs). Conversely, the pessimistic balances combine high 
values for outputs with low values for inputs (0.75 x estimates of inputs with 
1.25 x estimates of outputs).  
 
3.7 Data Analysis 
The final data for all treatments was subject to analysis of variance (ANOVA) 
(Gomez and Gomez, 1984) across years to determine the effects of treatments, 
years and their interactions on yields, dry matter, inputs and outputs and 
nutrient balances. Data was analyzed using JMP (3.2.3) statistical software 
programme by SAS Institute Inc. (JMP, 1995). Treatment means were 
separated using Tuckey-Kramer Means Separation (TMS) at (P≤0.05) level of 
significance. Finally, the change (gains or losses) in soil nutrients after three 
cropping seasons was determined by getting the difference between soil 
nutrient stocks in 2002 and the final nutrient balances in 2004 in each 
replicate block for the nine treatments.  
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CHAPTER IV 
RESULTS 
 
4.1 Effects of Land Management Systems on Soil Properties  
The land management systems (LMS) under investigation as had been 
mentioned in section 3.1.2 Chapter III, were parts of previous experiment 
(Gaafar, 2005). The experiment was set in a 12-years-old plantation of A. 
senegal to investigate the influence of two tree densities on gum yield and crop 
yields and physiological characteristics of two traditional food and cash crops, 
sorghum and roselle. Prior to conversion of plantation and setting the 
experiment, soil samples were taken from the demarcated plots and analyzed 
to obtain typical values of soil properties (Gaafar, 2005). Some typical values 
of soil properties of the experimental sites before conversion of plantation in 
1999 and the introduction of the LMS at two soil depths 0-0.3 and 0.3-0.6m 
are presented in Table 4.  
 
4.1.1 Effects on Soil Physical Properties (particle size distribution) 
Table 5 shows soil particle size distribution under land management systems 
(LMS) before conducting the experiment at 0.3 and 0.6 m soil depths. The 
effects of LMS on soil particle size distribution were highly significant 
(P<0.001) for coarse (CS) and fine sand (FS), significant (P<0.01) for clay 
contents and (P<0.05) for clay ratio (C/R). It is clear that CS contents 
increased with decreasing soil cover. Among systems CS content was higher in 
soils under pure crops systems where it ranged from 46.2 to 51%. There are 
significant differences between these systems where highest CS contents were 
under PS (51.0%), followed by PR (49.5%) and then PG (46.2). The lower CS 
contents were found in soils under intercropped systems at high-tree density 
(HD), which had similar means amounting to 40%. Compared with pure 
crops and intercropped systems at HD, the intercropped systems at LD had 
intermediate values of CS contents that ranged from 45.1 to 47.4%.  
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Table 4. Soil characteristics of the experimental site at El Demokeya in 1999 
before conversion of the plantation and introduction of land 
management systems (CS = coarse sands; FS = fine sands) 
 
Soil 
depth 
(m) 
Soil particle size 
distribution (%) 
Soil chemical properties 
 CS FS Silt Clay K 
coml+kg-1 
P 
(ppm) 
PH OC N 
0.0-0.3 42 51 4 3 0.11 6.0 6.5 0.2 0.029 
0.3-0.6 41 51 3 5 0.14 5.2 6.4 0.14 0.025 
Source: Gaafar (2005). 
 
Table 5. Soil particle size distribution under land management systems at two 
soil depths (0.0-0.3 and 0.3-0.6 m) at the experimental site before the start 
of the experiment in July 2002 
Treatments Soil particle size distribution • 
LMS* Coarse 
sand 
Fine 
sand 
Silt Clay C/R 
HD+S 39.5 e 50.4 a 5.8 4.4 a 13.6 c 
LD+S 47.4 bc 44.3 c 4.4 3.8 ab 13.0 c 
PS 51.0 a 44.3 c 3.0 1.8 b 33.6 a 
HD+R 39.8 e 51.3 a 5.3 3.8 ab 16.3 c 
LD+R 46.6 cd 46.2 bc 3.3 3.9 ab 13.2 c 
PR 49.5 ab 44.3 c 3.8 2.4 b 25.6 b 
HD+G 39.8 e 51.8 a 4.0 4.5 a 12.7 c 
LD+G 45.1 d 47.0 b 4.2 3.8 ab 13.9 c 
PG 46.2 cd 46.3 bc 3.8 3.8 ab 15.1 c 
SE 1.29*** 1.22*** 0.74 Ns 0.49** 4.28* 
Soil depths      
0.0-0.3 m 44.5 47.8 4.3 3.4 18.9 
0.3-0.6 m 45.5 46.8 4.0 3.7 15.9 
Mean 45.0 47.3 4.2 3.6 17.4 
SE 0.6 Ns 0.6 Ns 0.4 Ns 0.2 Ns 2.0 Ns 
* HD= 433 t ha-1; LD= 266 t ha-1; P= pure, S= sorghum; R= roselle; G= grass 
• Means followed by the same letter (s) in the same column are not 
significantly different at the 5% level, according to Tukeys Mean Separations 
(n=144). Ns= not significant. 
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Conversely, fine sand contents decreased with decreasing soil cover. The FS 
content was lower in soils under pure crop systems, higher under 
intercropped systems at HD, and intermediate under intercropped systems at 
LD. Under pure crop systems FS contents ranged from 44.3% to 46.3%, from 
50.4 to 51.8% under intercropped systems at HD, and from 44.3 to 47.0% 
under intercropped systems at LD. No significant (P>0.05) differences in FS 
contents between LD+S, PS and PR. Generally, however, soils under 
intercropped systems at HD had the highest FS and lowest FS contents. The 
reverse was true for pure crops and intercropped systems at LD. Pure grass 
(PG) and LD+R systems had similar contents of both CS and FS with means 
of 46.2 and 46.3% respectively 
 
The silt contents under LMS were not significantly different (P<0.05), but 
higher silt contents were found in soils under intercropped systems at HD, 
followed by intercropped systems at LD, and then pure crops systems (PS and 
PR).  
 
The clay contents were significantly (P<0.01) higher in soils under 
intercropped roselle and sorghum at HD; lowest in pure sorghum and pure 
roselle, and intermediate in intercropped roselle and grasses at both tree 
densities. However, there were no significant (P>0.05) differences between 
LD+S, HD+R, LD+R, HD+G and LD+G. Generally, the clay contents ranged 
from 3.8 to 4.5% under intercropped systems at HD and from 1.8 to 2.4 % 
under pure crops. All intercropped systems at LD had similar values of clay 
contents amounting to 3.8%. 
 
The effects of LMS on the ratio of fine sand and silt to clay (clay ratio) were 
significant (P<0.05) with higher clay ratio found in soils under pure sorghum 
(PS) followed by pure roselle (PR). Corresponding means are 33.6 and 25.6 
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for PS and (PR), respectively. There were no significant differences between 
all intercropped and pure grass (PG), which had means, ranged from 13 to 16. 
 
Figure 3. The interaction effects between land management systems and soil 
depth on coarse and fine sands contents, HD= 433 t ha-1; LD= 266 t ha-1; 
P= pure, S= sorghum; R= roselle; G= grass 
 
Fig. 3a Coarse sands 
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Fig. 3b Fine sands 
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Though the effects of soil depth was not significant (P>0.05), but fine sand, silt 
contents and clay ratios (C/R) were slightly higher in the uppermost soil layer 
(0.3 m), while coarse sand and clay contents were slightly higher at 0.6 m soil 
layer.  
 
The interaction between soil depths and LMS had only significant (P≤0.01) 
effects on coarse and fine sands soil particle size distribution (Fig. 3a and b). 
Overall, higher coarse sands contents were found in soils under all LMS at 
lower soil depth (0.6 m) while higher fine sands contents at uppermost soil 
layer 0.3 m. Taken as a whole there were no significant differences in soil 
particles size distribution between the two soil layers, but in the top soil layer 
(0.3 m) the soils under LMS were (on the average) composed of 3.4% clay, 
4.3% silt, 44.5% coarse sand and 47.8% fine sands, whereas at lower soil 
depth (0.6 m) the soil particles distribution composed of 3.7% clay, 4.0% silt, 
45.5% coarse sand and 46.8% fine sands. 
 
4.1.2 Effects on Soil Chemical Properties 
Table 6 shows soil chemical properties as affected by LMS and soil depth. The 
effects of LMS on soil chemical properties were highly significant (P≤0.001) 
for soil nitrogen (N) and C/N ratios, while it was significant (P≤0.05) for soil 
organic carbon (OC).  
 
Among systems there were no significant (P<0.05) differences in N contents 
between intercropped sorghum and grass at the two tree densities and roselle 
at low-tree density (HD+S = LD+S = LD+R = HD+G =LD+G). The highest N 
contents were found in soils under roselle systems at HD (HD+R) in 
comparison to all other LMS. This was a key finding of the present study and 
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has important management implications. The amount of N was lowest under 
pure roselle and pure sorghum, while pure grass had intermediate value. 
Corresponding means were 0.012, 0.015 and 0.016, respectively.  
 
Table 6. Means of soil chemical properties under land management systems 
for two soil depths (0.0-0.3 and 0.3-0.6 m) at El Demokeya research sites 
before the start of the experiment in July 2002 
Treatments Soil chemical properties • 
LMS* OC % N % C/N P ppm K (c-
mol kg-
1) 
PH 
HD+S 0.090 bc 0.020 b 4.5 c 2.4 0.14 7.3 
LD+S 0.103 abc 0.019 b  5.4 c 2.6 0.14 7.4 
PS 0.097 abc 0.012 d 8.1 a 2.3 0.15 7.4 
HD+R 0.097 abc 0.023 a 4.2 c 2.4 0.14 7.3 
LD+R 0.115 ab 0.020 b 5.8 c 2.7 0.15 7.4 
PR 0.103 abc 0.015 c 6.9 b 2.4 0.13 7.4 
HD+G 0.086 c 0.020 b 4.3 c 2.5 0.14 7.4 
LD+G 0.107 abc 0.020 b 5.4 c 2.7 0.16 7.3 
PG 0.122 a 0.016 c 7.6 a 2.6 0.13 7.4 
SE 0.013* 0.001*** 0.99 
Ns 
0.16 Ns 0.02 Ns 0.06 Ns 
Soil Depths       
0.0-0.3 m 0.112 a 0.015 15.0 2.5 0.13 7.3 
0.3-0.6 m 0.092 b 0.014 15.2 2.4 0.15 7.4 
SE 0.006* 0.001Ns 0.47 
Ns 
0.08 Ns 0.01 Ns 0.03 Ns 
* HD= 433 t ha-1; LD= 266 t ha-1; P= pure, S= sorghum; R= roselle; G= grass 
• Means followed by the same letter(s) in the same column are not 
significantly different at the 5% level, according to Tukeys Mean Separations 
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(n=144). Ns= not significant, *= significant at P>0.05; **=significant at 
P<0.01; *** =significant at P< 0.001 
 
The effects of LMS on soil organic carbon (OC) were significant (P>0.05). The 
highest OC contents were found in soils under pure grass (0.122%) and the 
lowest (0.086%) were in intercropped grass at HD (HD+G). Among systems, 
there were no significant (P<0.05) differences between intercropped sorghum 
at LD (LD+S), pure sorghum (PS) and pure roselle (PR) and roselle at HD 
(HD+R) and grass at LD (LD+G). Almost all these systems had similar soil 
OC contents, which ranged from 0.086% to 0.12%.  
 
The ratio of carbon to nitrogen (C/N) was significantly (P≤0.001) affected by 
LMS. Higher C/N ratios were found in soils under pure sorghum, followed by 
pure grass and then pure roselle with corresponding means of 8.1, 7.6 and 6.9, 
respectively. There were no significant differences in C/N ratio between all 
tree-based systems, where the ratios ranged between 4.2 and 5.8 
 
The effects of LMS on soil phosphorous (P), potassium (K) and soil pH were 
not statistically significant (P<0.05). Nevertheless, higher phosphorous 
contents were found in soils under all intercropped systems at LD and pure 
grass ranging between 2.5 and 2.7 ppm. Soil potassium was comparatively 
higher in soils under roselle and grass systems at LD and pure sorghum, 
where it averaged 0.15 c-mol kg-1. 
 
The effects of soil depths on soil chemical properties was only significant (P≤0.05) 
for soil OC, where higher levels were found at the uppermost layer (0.3 m) 
compared with 0.6 m soil layer, with average OC contents of 0.12% and 0.09%, 
respectively. Though the effects of soil depth on soil N, P and K were not 
statistically significant (P<0.05), generally, however, the levels of N and P were 
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higher in the uppermost soil layer while that of K was higher in the lower soil layer 
(0.6m). 
 
The interaction effects between LMS and soil depth were not significantly 
(P<0.05) different for all soil chemical properties. Nonetheless, the levels of all 
chemical properties except K, soil pH and C/N ratio were higher under all LMS at 
the uppermost layer (0.3 m). 
 
4.1.3 Soil Nutrients Stocks  
The soil nutrient stocks were calculated from nutrient concentrations and soil 
weight at the uppermost soil layer (0.3 m). Soil bulk density values under the 
different treatments ranged between 1.52 and 1.49 g cm-3 with an average of 
1.5 g cm-3. Consequently, an average bulk density of 1.5 g cm-3 was applied in 
the calculations. Figures 4a, b, c and d show nutrient stocks in kg ha-1 under 
the studied LMS for soil organic carbon (SOC), N, P and K, respectively.  
 
Soil OC stocks were not significantly different among all systems under study, 
but the highest was found under pure grasses and the lowest was under 
roselle at HD. Moreover, there are consistent pattern of soil OC stocks within 
systems of similar crops. Within grass systems the stock of SOC was higher in 
pure grass (5922 kg ha-1), followed by intercropped grass at LD (5153 kg ha-1), 
and then grass at HD (5033 kg ha-1). Within roselle systems, the higher (5618 
kg ha-1) SOC stocks were found in intercropped roselle at LD, followed by 
pure roselle (5071 kg ha-1) and then roselle at HD (4133 kg ha-1). Within 
sorghum systems, intercropped sorghum at LD had the higher SOC stocks 
(5206 kg ha-1), followed by pure sorghum (4706 kg ha-1) and then 
intercropped sorghum at HD (4658 kg ha-1). Among pure crops the highest 
SOC stocks were found under PG, followed by PR and then PS. 
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The effects of LMS on soil N nutrient stocks were statistically significant 
(P>0.05). All intercropped systems had the higher N stocks; while pure crops 
had the lowest. The soil N stocks ranged from 938 to 1080 kg ha-1 under 
intercropped systems at HD; from 840 to 953 kg ha-1 under systems at LD, 
and from 452 to 635 under pure crops. Within grass systems the highest N 
stocks were under HD+G, followed by LD+G and then PG. Within roselle 
systems the highest N stocks were under HD+R, followed by LD+R and then 
PR. Within sorghum the highest N stocks were under LD+S, followed by 
HD+S and then PS. Overall, the highest N stocks were found under HD+R 
(1080 kg ha-1) and the lowest were under pure sorghum. 
  
The effects of LMS on soil nutrient stocks of both phosphorous (Fig.4c) and 
potassium (Fig.4d) were not statistically significant (P>0.05). However, soil 
phosphorous stocks in general were low and of similar amounts in all LMS 
with mean ranging from 10 to 12 kg ha-1. Soil potassium stocks were generally 
higher under intercropped systems at HD, intermediate under intercropped 
systems at LD, and lower under pure crops. Soil K stocks ranged from 248 to 
266 kg ha-1 under systems at HD, from and from 230 to 248 kg ha-1 under LD, 
and from 195 to 221 under kg ha-1 under pure crops.  
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Figure 4. Soil nutrient stocks (kg ha-1) of SOC, N, P and K under the different 
land management systems at 0.0-0.3 m soil depth before commence of the 
experiment, HD=433 tree ha-1, LD= 266 tree ha-1, S= sorghum, R= roselle, 
G= grass, P= pure 
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Fig. 4b Nitrogen 
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Fig. 4c Phosphorous 
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Fig.4d Potassium 
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4.2 Biomass Production and Yields Levels 
4.2.1 Biomass and Gum Yields of Acacia senegal 
Dry biomass production per tree and per ha for Acacia senegal is summarized 
in Table 7. Biomass production per tree was not statistically (P>0.05) different 
between all intercropped systems irrespective of crop type and tree density. 
However, average total dry biomass per tree was slightly higher in LMS at 
LD with means ranged from 69 to 77 kg ha-1 compared with HD that ranged 
between 62 and 66 kg tree-1. Average above- and below-ground biomass per 
tree was slightly higher in LMS at LD ranging from 59 to 65 and from 11 to 
12 kg tree-1, respectively. Leaf and fine root dry matter production per tree 
was not statistically different (P>0.05). Average leaf litter per tree ranged 
between 10 to 11 kg tree-1 in LMS at HD and between 11 to 12 kg tree-1 in 
LMS at LD. 
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Fine root biomass was almost similar in both tree densities averaging 3 kg 
tree-1. Expectedly, biomass production, leaf litter and root biomass per ha 
were significantly (P≤0.05) different between LMS at both tree densities due 
to the unevenness of number of trees per ha.  
  
Figures 6a and 6b show gum Arabic yields in kg per tree and per hectare, 
respectively. The effects of LMS on gum yields per tree were not significant 
(P>0.05). Though not significant, the highest production per tree was obtained 
from roselle at LD (LD+R), followed by sorghum at HD (HD+S), with 
corresponding means of 0.69 and 0.5 kg tree-1, respectively. Expectedly, gum 
yields per ha were significantly higher in land management systems at HD 
compared with systems at LD. Corresponding means ranged from 208 to 217 
kg ha-1and from 125 to 184 kg ha-1 in systems at HD and LD, respectively. The 
highest gum yield per tree was obtained from a combination of roselle at LD 
(LD+R) amounting to 0.69 kg tree-1, while the highest gum yield per hectare 
was obtained from a combination of sorghum with trees at high density 
amounting to 217 kg ha-1. 
The effects of cropping seasons were not significantly (P>0.05) different for 
either gum yield per tree or per ha (Fig 7). However, gum yield per tree was 
noticeably higher (0.62 kg ha-1) in the first season (2002), whilst gum yield per 
ha was a little higher (210 kg ha-1) in the second seasons (2003). 
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Table 7. Effects of land management systems on means of biomass 
production of Acacia senegal at El Demokeya research site, North 
Kordofan, Sudan, (HD= 433 tree ha-1; LD= 266 tree ha-1; P= pure, S= 
sorghum; R= roselle; G= grass) 
 
Biomass per tree  
(Kg tree-1) 
Biomass per hectare • 
 ( kg ha-1 ) 
LMS* 
above- 
ground 
below-
ground 
total leaf 
litter 
fine 
roots 
total leaf 
litter 
fine 
roots 
HD+S 56 10 66 11 3 28376a 4540a 1360a 
LD+S 62 11 73 12 3 19354b 3097b 880 b 
HD+R 53 9 62 10 3 29912a 4786a 1397a 
LD+R 59 11 69 11 3 16459b 2633b 816 b 
HD+G 53 9 62 10 3 26974a 4316a 1329a 
LD+G 65 12 77 12 3 20571b 3291b 905b 
•Means followed by the same letter(s) in the same column are not 
significantly different at the 5% level, according to Tukeys Mean Separations 
(n=6).  
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Figure 5. Rainfall (mm) during the experimental period (2002-2004) at El 
Demokeya research site, North Kordofan Sudan 
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Figure 6. Effects of land management systems on gum Arabic production per 
tree and per hectare (HD= 433 tree ha-1; LD= 266 tree ha-1; P= pure, S= 
sorghum; R= roselle; G= grass) 
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Figure 7. Effects of cropping seasons on gum Arabic production per tree and 
per hectare 
Fig.7a.     Fig.7b  
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4.2.2 Crops and Grasses 
4.2.2.1 Sorghum 
Figure 8a shows means of grain yields, stover and total biomass of sorghum as 
influenced by the land management systems. The figure shows that all studied 
sorghum components were not significantly (P>0.05) affected by LMS. 
Generally, however, average grain yield, stover and total biomass of sorghum 
were highest in systems at LD+S (286 kg ha-1), followed by PS (233 kg ha-1) 
and then system at HD+S (207 kg ha-1). Average data for three seasons 
indicated that grain yield in pure sorghum and intercropped sorghum at LD 
was higher than intercropped sorghum at HD (207 kg ha-1) by 12% and 38%, 
respectively. Similarly, average stover yields under the same LMS were 
higher by 20% and 24%, respectively.  
 
The effects of cropping season on growth, yields and dry matter production 
were highly significant (P≤0.001). In the first season (2002) sorghum was 
complete failure (Table 8). Good sorghum yield was only obtained in the 
second season (2003). Sorghum grains, stover and total biomass production in 
the third season were almost 50% of that of the second season. 
 
The interaction between land management systems and cropping seasons was 
not significant (P>0.05). But, the rate of increase in grains, stover and total 
biomass production of sorghum was consistent with increase in amount of 
rainfall. It is clear that high production of both grains and stover was 
obtained in the second season (2003) when the rainfall was comparatively 
higher (324 mm) (Fig.5) 
 
4.2.2.2 Roselle (karkadeh) 
Mean calyces, seeds, stover and total biomass in kg ha-1 of roselle as affected 
by LMS were shown in Figure 8b. The average data for calyx, seeds, stover 
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and total biomass was not significantly (P>0.05) affected by land 
management systems. 
 
 
Figure 8. Effects of land management systems on means of grains, calyx, 
seeds, stover and total dry matter (kg ha-1) for sorghum, roselle and 
grasses at El Demokeya research site, North Kordofan, Sudan, (HD= 
433 tree ha-1; LD=266 tree ha-1; S= sorghum, R= roselle, G= grass, P= 
pure)  
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However, pure roselle, followed by LD+R and then HD+R, produced high 
calyx yields. Corresponding means were 226, 206 and 187 kg ha-1 respectively. 
High seed yields were obtained from LD+R, followed by PR and then HD+R, 
with mean values of 348, 234 and 281 kg ha-1, respectively. High stover yields 
were obtained from HD+R, followed by LD+R and then PR, with equivalent 
mean values of 2290, 18410 and 1745 kg ha-1, respectively. Higher mean total 
dry biomass was obtained from HD+R, followed by LD+R and then (PR) with 
mean yields amounting to 2759, 2395 and 2389 kg ha-1, respectively.  
 
The effects of cropping season on roselle production were highly significant 
(P≤0.001) for all yield components (Table 8). Unlike sorghum, which was a 
complete failure in the first season (2002) a considerably good yield of roselle 
was obtained in the same season, with corresponding means of 74, 35, 130 and 
239 kg ha-1 for calyx, seeds, stover and total dry biomass, respectively. In the 
second season (2003) higher yields were obtained for the same components, 
with corresponding means of 330, 661, 3556 and 4546 kg ha-1, respectively. 
These yields were almost 75% and 50% higher than those obtained in the first 
and third seasons, respectively.  
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4.2.2.3 Grasses 
Means of the aboveground biomass production of grass as affected by LMS 
are summarized in Figure 8c. The effects of LMS on grass biomass 
production were statistically significant (P<0.001). Higher grass biomass was 
produced by grass systems at high-tree density, (HD+G) followed by low-tree 
density (LD+G) and then pure grass (PG). Corresponding means were 650, 
506 and 241 kg ha-1, for HD+G, LD+G and PG, respectively. By and large, 
average grass biomass under tree-based systems was almost twice that under 
pure grass. 
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Table 8. Effects of cropping seasons on means of grains, calyx, seeds, stover and total dry matter (kg ha-1) of 
sorghum, roselle and grasses at El Demokeya research site, North Kordofan, Sudan (HD= 433 tree ha-1; 
LD= 266 tree ha-1; P= pure, S= sorghum; R= roselle; G= grass) 
Crop products • Stover • Total dry matter • Cropping 
seasons  
Grains 
 
Calyx Seeds Sorghum stover Roselle stover Sorghum Roselle Grass 
2002 0.0 c 74 c 35 c 0.0 c 130 c 0.0 c 239 c 414 a 
2003 484 a  330 a 661 a 6694 a 3556 a 7179 a 4546 a 507 a 
2004 242 a 216 b 168 b 3347 b 2191 b 3569 b 2574 b 476 a 
Mean 242 207 288 3347 1959 3583 2453 466 
SE 51.9*** 21.5*** 47.6*** 408.6*** 267.5*** 400.7*** 311.4*** 10.5 Ns 
 • Means followed by the same letter(s) in the same column are not significantly different at the 5% level, 
according to  Tukeys Mean Separations (n=3), Ns= not significant, *= significant at <P0.05; **= significant at 
P<0.01; *** =  significant at P< 0.001
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The effects of cropping seasons on grass biomass production were not 
significant (P>0.05) (Table 8). Nonetheless, grass biomass production in the 
second season (507 kg ha-1) was higher than that in the first (414 kg ha-1) and 
the third (476 kg ha-1) seasons, by 23% and 7%, respectively. 
 
4.3 Nutrients Concentrations in Trees and other Plants Components 
Table 9 shows concentrations (% dry weight) of N, P, K and C in tree leaves, 
crop products, crop residues, grasses shoot and roots and sources of inputs 
and outputs used in the analysis. The average measured concentrations of N, 
P and K in the trees leaves were respectively, 4.46%, 0.17% and 1.4%. The 
concentrations of these nutrients in fine roots of trees were estimates based on 
values obtained by Deans et al., (1999).  
 
For sorghum, the average measured concentrations of N, P and K were 
2.04%, 0.35% and 0.39% in grains, 1.26%, 0.32% and 1.41% in stover and 
1.31%, 0.08% and 0.37% in roots, respectively. 
 
For roselle the average measured concentrations of N, P and K were 0.3%, 
0.57% and 1.2% in calyx, 3.86%, 0.6% and 7.0% in seeds, 1.04%, 0.10% and 
1.5% in roots, and 1.92%, 0.1%, and 1.6%, in stover, respectively. 
 
For grass the average measured concentrations of N, P, and K were 0.72%, 
0.2% and 1.5% in the shoots, and 0.2%, 0.2% and 0.83% in the roots. 
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Table 9. Means of nutrients concentrations in dry matter (dry weight) of 
trees, crop products, crop residues, and grasses designated as inputs and 
output sources 
 
Parameters OC* N P K 
INPUTS     
Tree leaves biomass (%) 50 4.46 0.17 1.40 
Tree fine roots (%) 50 1.70 0.07 0.21 
Grass roots (%) 50 0.20 0.20 0.83 
Sorghum roots (%) 50 1.31 0.08 0.37 
Roselle roots (%) 50 1.04 0.10 1.50 
Atmospheric deposition     
Dry deposition † (kg ha-1) Na 3 1 15.5 
Wet deposition (kg ha-1) Na    
• 2002 Na 1.29 0.49 1.01 
• 2003 Na 2.52 0.95 1.98 
• 2004 Na 1.95 0.74 1.54 
Nitrogen fixation Na    
• Symbiotic (kg ha-1yr-1) Na 15 Na Na 
• Non-symbiotic (kg ha-1yr-1) Na 3 Na Na 
OUTPUTS     
Gum Arabic (%) Na 0.36 Na 0.04 
Sorghum Grain (%) 50 2.04 0.35 0.39 
Sorghum stover (%) 50 1.26 0.32 1.4 
Roselle Calyx (%) 50 0.30 0.57 1.20 
Roselle Seeds (%) 50 3.86 0.6 7.0 
Roselle stover (%) 50 1.92 0.1 1.6 
Grass shoot (%) 50 0.72 0.2 1.5 
Leaching under:     
• Pure sorghum (kg ha-1) Na 1.5 1.0 16.0 
• Pure Roselle   (kg ha-1) Na 7.0 1.0 16.0 
Concentrations in eroded soils ‡ (%) 3.0 0.05 0.02 0.05 
* Assumed organic carbon in all plant biomass was 50% of total dry matter 
(kg) 
† Transfer functions for N=0.14√R, P=0.053√R, and K= 0.11√R 
‡ Amounts of eroded soils estimated as 14500 kg ha-1 on bare soils and as 
200 kg ha-1 on grass fallow 
Na= Not applicable 
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4.4 Nutrient Inputs and Outputs Flows and Pathways 
4.4.1 Nutrient Flows at Land Management Systems Levels 
4.4.1.1 Carbon Flows  
Means of carbon (C) inputs and outputs flows and the percentage 
contribution of the different pathways to each inputs and outputs relative to 
the total inputs entering and outputs leaving the systems were presented in 
Table 10 and Figures 9a and b, respectively. Table 10 shows that mean of C 
inputs flows in kg ha-1yr-1 in all LMS over the three cropping seasons were 
highly significant (P≤0.001). Overall, the highest C inputs flows were found in 
intercropped systems at both tree densities and the lowest were in pure 
cropped systems. Among intercropped systems C inputs were significantly 
higher in LMS at HD compared with those at LD. Within systems at HD the 
highest C inputs were in HD+R, followed by HD+G and then HD+S. 
Corresponding means were 3225, 3147, and 2959 kg ha-1 yr-1, respectively. 
Within systems at LD higher (P≤0.001) C inputs were in LD+G, followed by 
LD+S and then LD+R. Corresponding means were 2351, 1995 and 1845 kg 
ha-1 yr-1, respectively. There were no significant (P>0.05) differences between 
all pure crops on the one hand, and between intercropped grass and roselle at 
HD on the other. But significant differences exist between intercropped 
systems at LD. 
 
Likewise, land management systems had significant (P≤0.001) effects on C 
outflows. On the whole, the highest C outflow was 2328 kg ha-1 yr-1 found in 
pure sorghum (PS) and the lowest was 405 kg ha-1 yr-1 in intercropped grass at 
LD (LD+G). Within intercropped sorghum systems, the highest C outflows 
was found in LD+S, followed by HD+S with corresponding means of 1956 and 
1562 kg ha-1 yr-1, respectively. Within intercropped roselle systems, the highest 
C flow was in HD+R; followed by LD+R. Corresponding means were 1519 
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and 1356 kg ha-1, respectively. Pure roselle had C outflow averaging 1459 kg 
ha-1 yr-1, which was intermediate between HD+R and LD+R. Within grass 
systems there were no significant (P≤0.05) differences in C outflow on the one 
hand (HD+G = LD+G = PG), and between all roselle systems on the other 
(HD+R=LD+R=PR).  
 
4.4.1.2 Nitrogen Flows  
Table 11 shows means of nitrogen (N) input and output flows and Fig.10c and 
d illustrate their percentage contribution to each LMS over three cropping 
seasons. Among systems in general the highest (P≤0.001) nitrogen inputs flows 
were found in LMS at HD compared to all other systems. Among these 
systems the higher N inflows were 325, 308 and 297 kg ha-1 yr-1 in HD+R, 
HD+S and HD+G, respectively. In LMS at LD the N inputs were significantly 
(P≤0.001) higher in LD+G, followed by LD+S and then LD+R with 
corresponding means of 221, 209 and 186 kg ha-1 yr-1, respectively. In all pure 
cropped systems N inputs flows were not significant (P≤0.05), but the lowest N 
input flows were found in PS, followed by PG and then PR with respective 
means of 8, 9 and 10 kg ha-1 yr-1. There were no significant (P≤0.05) 
differences between LD+S and HD+G on the one hand and between HD+S 
and HD+G on the other.  
 
Nitrogen outflows were significantly (P≤0.001) different among LMS. Overall, 
the higher N outflows were found in intercropped roselle systems with the 
highest found in HD+R (70 kg ha-1 yr-1), followed by LD+R (62 kg ha-1 yr-1). 
There were no significant (P<0.05) differences in N outflows between all grass 
systems averaging about 4.5 kg ha-1 yr-1. Within sorghum systems N outflows 
were higher in PS, followed by LD+S and then HD+S, with respective means 
of 59, 54 and 44 kg ha-1 yr-1. There were no significant (P<0.05) differences in 
N outflows between intercropped sorghum at LD (LD+S) and pure roselle 
(PR), which had almost similar N outflows that averaged 53 kg ha-1 yr-1.   
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Table 10. Means of Carbon inputs and outputs flows (kg ha-1yr-1) and main pathways through the different land 
management systems over three cropping seasons (2002-2004) at El Demokeya research site, North Kordofan, Sudan. 
Land Management Systems † Nutrients pathways 
HD+S LD+S PS HD+G LD+G PG HD+R LD+R PR 
Code† Inputs          
IN 2a Tree (OM) 2949.8 1988.0 0.0 2822.2 2098.1 0.0 3091.6 1724.7 0.0 
IN 2b Grass roots 0.0 0.0 0.0 325.0 253.0 121.0 0.0 0.0 0.0 
IN 2c Sorghum roots 8.9 6.8 6.6 0.0 0.0 0.0 0.0 0.0 0.0 
IN 2d Roselle roots 0.0 0.0 0.0 0.0 0.0 0.0 142.9 119.8 107.4 
 Total Inputs • 2959.0 b 1995.0 d 7.0 f 3147.0 a 2351.0 c 121.0 f 3225.0 a 1845.0 e 107.0 f 
 Outputs          
Out 1a Sorghum grain 103.8 143.1 116.3 0.0 0.0 0.0 0.0 0.0 0.0 
Out 2a Sorghum stover 1458.3 1812.5 1750.0 0.0 0.0 0.0 0.0 0.0 0.0 
Out 1b Roselle seed/calyx 0.0 0.0 0.0 0.0 0.0 0.0 315.0 300.1 257.5 
Out 2b Roselle stover 0.0 0.0 0.0 0.0 0.0 0.0 1203.7 1056.0 738.6 
Out 2c Grass shoots 0.0 0.0 0.0 520.0 405.0 483.0 0.0 0.0 0.0 
Out 3 Erosion 0.0 0.0 462.0 0.0 0.0 6.0 0.0 0.0 462.0 
 Total Outputs • 1562.0 c 1956.0 b 2328.0 a 520.0 d 405.0 d 489.0 d 1519.0 c 1356.0 c 1459.0 c 
† See Table 1 (Chapter III) for symbols of land management systems and code 
•Means followed by the same letter(s) in the same row are not significantly different at the 5% level, according to Tukeys 
Mean Separations.  
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Table 11. Means of Nitrogen inputs and outputs flows (kg ha-1yr-1) and main pathways through the different land 
management systems over three cropping seasons (2002-2004) at EL Demokeya research site, North Kordofan, 
Sudan. 
Land Management Systems† Nutrients pathways 
HD+S LD+S PS HD+G LD+G PG HD+R LD+R PR 
Code† Inputs          
IN2a Tree OM 268.3 182.2 0.0 255.6 193.1 0.0 282.2 156.1 0.0 
IN2b Grass roots 0.0 0.0 0.0 1.0 1.0 1.0 0.0 0.0 0.0 
IN2c Sorghum roots 0.2 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 
IN2c Roselle roots 0.0 0.0 0.0 0.0 0.0 0.0 3.0 2.5 2.2 
IN3a Dry deposition 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 
IN3b Wet Deposition 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 
IN4a Non-symbiotic-N 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 
IN4b Symbiotic-N 31.6 19.4 0.0 31.6 19.4 0.0 31.6 19.4 0.0 
 Total Inputs • 308.0 b 209.0 c 8.0 e 297.0 b 221.0 c 9.0 e 325.0 a 186.0 d 10.0 e 
 Outputs          
Out1a Sorghum grain 4.3 5.8 4.7 0.0 0.0 0.0 0.0 0.0 0.0 
Out2a Sorghum stover 36.7 45.7 44.1 0.0 0.0 0.0 0.0 0.0 0.0 
Out1b Roselle seed/calyx 0.0 0.0 0.0 0.0 0.0 0.0 19.0 21.0 10.0 
Out2b Roselle stover 0.0 0.0 0.0 0.0 0.0 0.0 45.0 35.0 31.0 
Out2c Grass shoots 0.0 0.0 0.0 4.0 4.0 2.0 0.0 0.0 0.0 
Out1c Gum Arabic 0.8 0.4 0.0 0.8 0.5 0.0 1.1 0.5 0.0 
Out3 Leaching 2.3 2.3 2.7 0.0 0.0 0.7 5.2 5.2 4.8 
Out4 Erosion 0.0 0.0 7.7 0.0 0.0 0.1 0.0 0.0 7.7 
 Total Outputs • 44.0 d 54.0 c 59.0 bc 5.0 e 5.0 e 3.0 e 70.0 a 62.0 b 53.0 c 
† See Table 1 (Chapter III) for symbols of land management systems and for code 
• Means followed by the same letter (s) in the same row are not significantly different at the 5% level, according to Tukeys 
Mean Separations. 
 
 
 
 
95 
 
 
Figure 9. Percentage contribution of inputs and outputs pathways to 
carbon inflows and outflows through studied land management 
systems (means ± SE). TR= tree OM (leaf and fine roots); CR= crop 
roots (sorghum, roselle, grass, CP= crop products (sorghum grains, 
roselle calyx and seeds); CRs= crop residues (sorghum, roselle, grass); 
ER= erosion) 
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Fig. 9b Carbon outflows 
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4.4.1.3 Phosphorous Flows  
Table 12 shows means of phosphorous (P) input and output flows and Fig.11e 
and f portray their percentage contribution to each LMS over three seasons. 
The table shows that LMS had significant (P≤0.001) effects on P inflows. 
Generally, P inflows were highest in tree-based systems compared to pure 
crops. Among systems P inflows ranged from 10 to 11 kg ha-1 yr-1 in 
intercropped systems at HD, from 7 to 9 kg ha-1 yr-1 in intercropped systems 
at LD and from 2 to 3 kg ha-1 yr-1in pure cropped systems. Overall, the 
highest mean (11 kg ha-1 yr-1) P inflow was obtained from HD+R and HD+G, 
while the lowest (2 kg ha-1 yr-1) was obtained from PR and PS. In 
intercropped systems at LD P inflows as significantly different where the 
higher were found in LD+G, followed by LD+S and then LD+R, with 
corresponding means of 9, 8 and 7, kg ha-1 yr-1, respectively. There were no 
significant (P<0.05) differences between all pure cropped systems 
(PS=PG=PR). 
 
Mean phosphorus outflows were significantly (P≤0.001) different among and 
within LMS. The higher P outflows were found in roselle systems compared 
to that of all other systems. Within roselle systems the highest P outflows were 
found in HD+R, followed by LD+R and then PR with corresponding means of 
35, 31 and 25 kg ha-1 yr-1, respectively. Within sorghum systems PS had the 
highest mean P outflows, followed by LD+S and then HD+S, with 
corresponding means of 15, 13 and 10 kg ha-1 yr-1, respectively. The lowest P 
outflows were found in all grass systems which averaging 2 kg ha-1 yr-1. 
 
4.4.1.4 Potassium Flows  
Table 13 shows means of potassium (K) input and output flows and Fig 12 c 
and d illustrate their percentage contribution to each LMS over three 
cropping seasons. The table shows that K inflows were significantly (P≤0.001) 
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affected by LMS. Among systems on the whole, all tree-based systems had the 
higher K inflows compared to pure crops systems. Potassium inflows ranged 
from 91 to 83 kg ha-1 yr-1, in systems at HD, from 59 to 72 kg ha-1 yr-1, in 
systems at LD and from 17 to 21 kg ha-1 yr-1, in pure crop systems. There 
were no significant (P>0.05) differences between HD+G and HD+R on the one 
hand, and between LD+S and LD+R on the other. However, the highest K 
inflows were found in HD+R, followed by HD+G, HD+S, LD+G, LD+S and 
then LD+R. Corresponding means were 91, 90, 83, 72, 62 and 59 kg ha-1 yr-1, 
respectively. There were no significant (P>0.05) differences in potassium 
inputs between all pure crops. 
 
Potassium outflows were significantly (P≤0.001) affected by LMS. The K 
outflows were significantly higher in roselle systems, followed by sorghum 
and then grass systems with corresponding means amount to 78, 63 and 20 kg 
ha-1 yr-1, respectively. Within roselle systems the highest K outflows were 
found in HD+R, followed by LD+R and then PR, with respective means of 88, 
80 and 67 kg ha-1 yr-1. Within sorghum systems K outflows were higher in PS, 
followed by HD+S and then LD+S with corresponding means of 74, 63 and 53 
kg ha-1 yr-1, respectively. The grass systems had the lowest K outflows and 
there were no significant (P>0.05) differences between intercropped or pure 
grass systems with corresponding mean values of 21, 18 and 22 kg ha-1 yr-1 for 
HD+G, LD+G and PG, respectively.  
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Figure 10. Percentage contribution of inputs and outputs pathways to N 
through studied land management systems (means ± SE). TR= tree OM 
(leaf and fine roots); CR= crop roots (sorghum, roselle, grass); DD= dry 
deposition; WD= wet deposition; NON= non-symbiotic nitrogen; SYN= 
symbiotic nitrogen, GA= gum Arabic; CP= crop products (grains, 
calyces and seeds of roselle); CRs= crop residues (stover of sorghum and 
roselle, grass shoots; ER= erosion, LE= leaching. 
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Fig. 10b Nitrogen outflows  
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Figure 11. Percentage contribution of inputs and outputs pathways to P 
through studied land management systems (means ± SE). TR= tree OM 
(leaf and fine roots); CR= crop roots (sorghum, roselle, grass); DD= dry 
deposition; WD= wet deposition, CP= crop products (grains, calyces and 
seeds of roselle); CRs= crop residues (stover of sorghum and roselle, grass 
shoots; ER= erosion 
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Fig. 11b Phosphorous outflows 
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Table 12. Means of Phosphorous inputs and outputs flows (kg ha-1yr-1) and main pathways through the different land 
management systems over three cropping seasons (2002-2004) at EL Demokeya Research Site, North Kordofan, 
Sudan. 
Nutrients Pathways Land Management Systems † 
Code† Inputs HD+S LD+S PS HD+G LD+G PG HD+R LD+R PR 
IN2a Tree OM 8.7 5.9 0.0 8.3 6.2 0.0 9.1 5.0 0.0 
IN2b Grass roots 0.0 0.0 0.0 1.0 1.0 1.0 0.0 0.0 0.0 
IN2c Sorghum roots 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
IN2c Roselle roots 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.2 0.2 
IN3a Dry deposition 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
IN3b Wet Deposition 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
 Total Inputs • 10.0 b 8.0 d 2.0 f 11.0 a 9.0 c 3.0 f 11.0 a 7.0 e 2.0 f 
 Outputs          
Out1a Sorghum grain 0.7 1.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 
Out2a Sorghum stover 9.3 11.6 11.2 0.0 0.0 0.0 0.0 0.0 0.0 
Out1b Roselle seed/calyx 0.0 0.0 0.0 0.0 0.0 0.0 3.7 3.6 3.0 
Out2b Roselle stover 0.0 0.0 0.0 0.0 0.0 0.0 31.3 27.4 19.2 
Out2c Grass shoots 0.0 0.0 0.0 2.0 2.0 2.0 0.0 0.0 0.0 
Out 3 Erosion 0.0 0.0 3.2 0.0 0.0 0.0 0.0 0.0 3.0 
 Total Outputs • 10.0 e 13.0 de 15.0 d 2.0 f 2.0 f 2.0 f 35.0 a 31.0 b 25.0 c 
† See Table1 (chapter III) for symbols of land management systems and codes 
• Means followed by the same letter (s) in the same row are not significantly different at the 5% level, according to Tukeys 
Mean Separations.  
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Table 13. Means of potassium inputs and outputs flows (kg ha-1yr-1) and main pathways through the different land 
management systems over three cropping seasons (2002-2004) at EL Demokeya Research Site, North Kordofan, 
Sudan 
Nutrients pathways Land Management systems † 
 
Code† Inputs HD+S LD+S PS HD+G LD+G PG HD+R LD+R PR 
IN2a Tree OM 66.4 45.2 0.0 63.2 47.9 0.0 69.9 38.6 0.0 
IN2b Grass roots 0.0 0.0 0.0 10.0 8.0 4.0 0.0 0.0 0.0 
IN2c Sorghum roots 0.1 0.1 0.5 0.0 0.0 0.0 0.0 0.0 0.0 
IN2d Roselle roots 0.0 0.0 0.0 0.0 0.0 0.0 4.3 3.6 3.2 
IN3a Dry deposition 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 
IN3b Wet Deposition 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
 Total Inputs • 83.0 b 62.0 d 17.0 e 90.0 a 72.0 c 21.0 e 91.0 a 59.0 d 20.0 e 
 Outputs          
Out1a Sorghum grain 0.8 1.1 0.9 0.0 0.0 0.0 0.0 0.0 0.0 
Out2a Sorghum stover 41.1 51.1 49.3 0.0 0.0 0.0 0.0 0.0 0.0 
Out1b Roselle seed/calyx 0.0 0.0 0.0 0.0 0.0 0.0 33.2 30.1 23.0 
Out2b Roselle stover 0.0 0.0 0.0 0.0 0.0 0.0 38.5 33.8 23.6 
Out2c Gum Arabic 0.1 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.0 
Out2d Grass shoots 0.0 0.0 0.0 16.0 12.0 14.0 0.0 0.0 0.0 
Out3 Leaching 10.7 10.7 16.0 5.3 6.3 7.0 16.0 16.0 12.4 
Out4 Erosion 0.0 0.0 7.7 0.0 0.0 0.6 0.0 0.0 7.7 
 Total Outputs • 53.0 e 63.0 d 74.0 bc 21.0 f 18.0 f 22.0 f 88.0 a 80.0 ab 67.0 cd 
† See Table 1 (chapter III) for symbols of land management systems and codes 
• Means followed by the same letter (s) in the same row are not significantly different at the 5% level, according to Tukeys 
mean Separations. 
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Figure 12. Percentage contribution of inputs and outputs pathways to K 
through studied land management systems (means ± SE). TR= tree OM 
(leaf and fine roots); CR= crop roots (sorghum, roselle, grass); DD= dry 
deposition; WD= wet deposition, CP= crop products (grains, calyces and 
seeds of roselle); CRs= crop residues (stover of sorghum and roselle, 
grass shoots); GA= gum Arabic; LE= leaching; ER= erosion 
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Fig. 12b Potassium outflows  
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4.4.2 Nutrient Flows at Cropping Seasons Levels 
Nutrients flows of C, N, P and K as affected by cropping seasons were 
depicted in Figure 13a, b, c and d, respectively. The figures show that the 
effects of cropping seasons on inputs flows were not significant (P>0.05) for 
the studied nutrients, but inputs were slightly higher in the second and third 
seasons. Expectedly, the effects of cropping seasons on outputs flows were 
highly significant (P≤0.001). Outputs flows of the studied nutrients were 
considerably higher in the second (2003) and the third (2004) seasons 
compared to the first season (2002). This indicates high nutrient removal as 
results of large crop harvest in these seasons. 
 
Similarly, the interaction between LMS and cropping seasons on nutrient 
inputs flows were not significant (P>0.05), but was highly significant 
(P≤0.001) on output flows of the studied nutrients (Appendix III). 
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Figure 13. Effects of cropping seasons on means of C, N, P and K inputs and 
outputs (kg ha-1 yr-1) at El Demokeya research site, North Kordofan, 
Sudan, (means ± SE) 
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Fig.13c Phosphorus 
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Fig. 13d Potassium 
0
20
40
60
80
100
120
2002 2003 2004
Cropping seasons
kg
/h
a/
yr
Inputs Outputs
 
 
 
 
 
 
 
 
 
 
106 
 
 
4.5 Nutrient Balances 
4.5.1 Nutrient Balances as affected by Land Management Systems 
Table 14 shows means of typical “most probable” balances of nutrients under 
study in the research site as affected by land management systems and 
cropping seasons.  
 
4.5.1.1 Carbon Balances 
Table 14 shows that LMS had significant (P≤0.001) effects on average C 
balances. Overall, among systems irrespective of crop types and tree density, 
means of C balances were positive for all intercropped systems, while they 
were negative for all pure crop systems. However, within intercropped 
systems, the higher positive C balances were found in systems at HD and the 
lower were in those at LD. Means of C balances for sorghum systems were 
1397, 39 and -2322 kg ha-1 yr-1, for HD+S, LD+S and PS, respectively. For 
roselle systems C were 1717, 488 and -1351 kg ha-1 yr-1, for HD+R, LD+R and 
PR, respectively. For grass systems were 2627, 1946 and –368 kg ha-1 yr-1. 
Within intercropped systems there were no significant (P≤0.05) differences 
between LD+G and HD+R. 
  
The interaction effects (Table 15) between LMS and cropping seasons on were 
highly significant (P≤0.001) for C balances. Within sorghum systems pure 
sorghum (PS) had negative C balances in the three seasons and the highest 
negative balances was in the second season (-4183 kg ha-1 yr-1) and the lowest 
(-462 kg ha-1 yr-1) was in the first season. Intercropped sorghum at HD 
(HD+S) had positive C balances in the first and third seasons and negative 
balances in the second season. Corresponding means are 2950, -161 and 1401 
kg ha-1 yr-1 for the first second and third season, respectively. Similarly, 
intercropped sorghum at LD (LD+S) had positive C balances in the first and 
third seasons, but negative balances in the second with corresponding means 
of 1988, -1913 and 43 kg ha-1 yr-1, respectively. 
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Within roselle systems pure roselle (PR) had negative C balances in the three 
seasons and the highest negative balances was in the second season (-1973 kg 
ha-1 yr-1) and the lowest (-659 kg ha-1 yr-1) was in the first season. Intercropped 
roselle at HD (HD+R) had positive C balances in the three seasons and the 
highest positive balances were in the first season. Corresponding means were 
3032, 644 and 1474 kg ha-1 yr-1 for the first, the second and the third season, 
respectively. Intercropped roselle at LD (LD+R) had positive C balances in 
the first and third seasons, but negative balances in the second season with 
corresponding means of 1659, -454 and 261 kg ha-1 yr-1, respectively 
 
Within grass systems, pure grasses (PG) had positive C balances in the three 
seasons and the highest positive balances were in the second season (751 kg 
ha-1 yr-1) and the lowest (484 kg ha-1 yr-1) were in the first season. 
Intercropped grasses at HD (HD+G) had positive C balances in the three 
seasons, but the differences were not significant (P>0.). However, the highest 
positive balances were in the second season and the lowest were in the first 
season. Corresponding means were3579, 3731 and 3693 kg ha-1 yr-1 for the 
first, the second and the third season, respectively. Similarly, intercropped 
grasses at LD (LD+G) had positive C balances in all seasons, but the highest 
positive balances were in the third season and the lowest were in the first 
season, with corresponding means of 2702, 2774 and 2792 kg ha-1 yr-1, 
respectively 
 
4.5.1.2 Nitrogen Balances 
Nitrogen balances were significantly (P≤0.001) different amongst and within 
LMS (Table 14). Among systems, all intercropped systems had positive N 
balances with the higher balances were in HD and the lower were in LD. 
Within systems at HD the highest positive N balances were found in HD+G, 
followed by HD+S, and then HD+R. Corresponding means were: 291, 265 and 
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255 kg ha-1 yr-1, respectively. However, there are no significant (P≤0.05) 
differences between HD+S and HD+R. 
 
Among systems at LD, means of N balances were higher in LD+G, followed 
by LD+S and then LD+R, with corresponding means of 217, 157 and 124 kg 
ha-1 yr-1, respectively. With exception of pure grass which had positive N 
balances (6 kg ha-1 yr-1), pure sorghum followed by pure roselle showed 
negative N balances with the corresponding means of -51 and -43 kg ha-1 yr-1, 
respectively.  
 
The interaction effects (Table 15) between LMS and cropping seasons on 
average N balances were significant (P≤0.05). Within sorghum systems pure 
sorghum (PS) had negative N balances in the three seasons and the highest 
negative balances were in the second season (-98 kg ha-1 yr-1) and the lowest (-
2 kg ha-1 yr-1) were in the first season. Intercropped sorghum at HD (HD+S) 
had positive N balances in the three seasons.  The highest positive balances 
were in the first and the lowest were in the second season. Corresponding 
means are 305, 267 and 224 kg ha-1 yr-1 for the first second and third season, 
respectively. Similarly, intercropped sorghum at LD (LD+S) had positive N 
balances in the three, but the highest positive balances were in the first season 
and the lowest were in the second seasons. Corresponding means were 207, 
158 and 106kg ha-1 yr-1, respectively. 
 
Within roselle systems pure roselle (PR) had negative N balances in the three 
seasons and the highest negative balances was in the second season (-71 kg ha-
1 yr-1) and the lowest (-14 kg ha-1 yr-1) was in the first season. Intercropped 
roselle at HD (HD+R) had positive N balances in the three seasons. The 
highest positive balances were in the first season and the lowest were in the 
second. Corresponding means were 311,205 and 248 kg ha-1 yr-1 for the first, 
the second and the third season, respectively. Similarly, intercropped roselle 
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at LD (LD+R) had positive N balances in the three seasons, but the highest 
positive balances were in the first season and the lowest were in the second 
seasons with corresponding means of 173, 81 and 118 kg ha-1 yr-1, respectively 
 
 
Table 14. Effects of land management systems and cropping seasons on means 
of “Most Probable” nutrients balances (kg ha-1 yr-1) for C, N, P and K at 
EL Demokeya research site, North Kordofan, Sudan (Combined for 3 
seasons, n=3)  
Treatments Nutrient Balances (kg ha-1 yr-1) • 
 
Management 
Systems † 
C N P K 
HD+S 1397.0 c 265.0 b 0.0 b 30.0 c 
LD+S 39.0 e 157.0 d -5.0 c -1.0 d 
PS -2322.0 h -51.0 g -13.0 d -57.0 g 
HD+R 1717.0 b 255.0 b -24.0 e 3.0 d 
LD+R 488.0 d 124.0 e -24.0 e -21.0 e 
SP -1351.0 g -43.0 g -23.0 bc -47.0 g 
HD+G 2627.0 a 291.0 a 9.0 a 68.0 a 
LD+G 1946.0 b 217.0 c 7.0 a 55.0 b 
PG -368.0 f 6.0 f 0.0 b -2.0 h 
SE 163.4*** 9.6*** 2.3*** 5.6*** 
Cropping Seasons     
2002 1424.0 a 166.0 a 5.0 a 37.0 a 
2003 -438.0 c 107.0 c -19.0 c -27.0 c 
2004 406.0 b 133.0 b -10.0 b 0.0 b 
SE 94.4*** 5.5*** 1.3*** 3.2*** 
† See Table 1 (Chapter III) for symbols of land management systems 
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• Means followed by the same letter(s) in the same column are not 
significantly different at the 5% level, according to Tukeys Mean Separations, 
 
 
 
 
Within grass systems, pure grasses (PG) had positive N balances in the three 
seasons and the highest positive balances were in the second season (11 kg ha-1 
yr-1), while the first and third seasons had similar N balances amounting to 9 
kg ha-1 yr-1 Intercropped grasses at HD (HD+G) had positive N balances in 
the three seasons, but the differences were not significant (P>0.05). However, 
the highest positive balances were in the first and the second seasons and the 
lowest were in the third season. Corresponding means were 297, 298 and 291 
kg ha-1 yr-1 for the first, the second and the third season, respectively. 
Similarly, intercropped grasses at LD (LD+G) had positive C balances in all 
seasons, but the differences were not significant (P>0.05) Corresponding 
means were 222, 224 and 216 kg ha-1 yr-1, respectively 
 
4.5.1.3 Phosphorus Balances 
Phosphorous balances were significantly (P≤0.001) different among and 
within LMS (Table 14). Overall, among systems, means of P balances were 
positive in intercropped grass systems at HD and LD, negative in all roselle 
systems irrespective of tree density, neutral in HD+S and PG. There were no 
significant (P≤0.05) differences between intercropped sorghum at HD (HD+S) 
and pure grass (PG).  
 
Within grass systems, P balances were positive in HD+G and LD+G, while 
neutral in pure grass (PG) with respective means of 19, 7 and 0 kg ha-1 yr-1. 
Within sorghum systems, P balances were neutral in (HD+S), while they were 
negative in LD+S and PS with respective means of -5 and -13 kg ha-1 yr-1. 
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Mean P balances were negative by equal amounts (-24 kg ha-1 yr-1) in all 
roselle systems irrespective of tree density.  
 
The interaction effects (Table 15) between LMS and cropping seasons on 
average P balances were highly significant (P≤0.001). Within sorghum 
systems pure sorghum (PS) had negative P balances in the three seasons and 
the highest negative balances were in the second season (-25 kg ha-1 yr-1) and 
the lowest (-2 kg ha-1 yr-1) were in the first season. Intercropped sorghum at 
HD (HD+S) had positive P balances in the first seasons, negative in the second 
season and neutral in the third season. Corresponding means were 10, -10 and 
0.0 kg ha-1 yr-1 for the first, second and the third season, respectively. 
Intercropped sorghum at LD (LD+S) had positive P balances in the first 
season, but negative balances in the second and the third seasons. The highest 
negative balances were in the second season and the lowest were in the third 
season. Corresponding means were 7, -17 and -5 kg ha-1 yr-1, respectively. 
 
Within roselle systems pure roselle (PR) had negative P balances in the three 
seasons and the highest negative balances was in the second season (-39 kg ha-
1 yr-1) and the lowest (-7 kg ha-1 yr-1) was in the first season. Intercropped 
roselle at HD (HD+R) had positive P balances in the first and negative 
balances in the second and the third seasons. The highest negative P balances 
were in the second and the lowest were in the third. Corresponding means 
were 9, -511 and -30 kg ha-1 yr-1 for the first, the second and the third season, 
respectively. Similarly, intercropped roselle at LD (LD+R) had positive P 
balances in the first, and negative balances in the second and the third 
seasons, but the highest negative balances were in the second season. 
Corresponding means were 5, -48 and -29 kg ha-1 yr-1, respectively 
 
Within grass systems, pure grasses (PG) had positive P balances in the three 
seasons and the highest positive balances were in the second season (5 kg ha-1 
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yr-1), and the lowest were in the first season (3 kg ha-1 yr-1). Intercropped 
grasses at HD (HD+G) had positive P balances in the three seasons, but the 
differences were not significant (P>0.05). The balances ranged from 13 to 14 
kg ha-1 yr-1. Similarly, intercropped grasses at LD (LD+G) had positive C 
balances in all seasons ranged from 10 to 11 kg ha-1 yr-1, but the differences 
were not statistically significant (P>0.05).  
 
4.5.1.4 Potassium Balances 
Potassium balances were significantly (P≤0.001) different among and within 
LMS (Table 14). Overall, among systems, means for K balances were highly 
positive in grass systems at the two tree densities (HD+G and LD+G), 
followed by HD+S and then HD+R. Their corresponding means were 68, 55, 
30 and 3 kg ha-1 yr-1, respectively. Conversely, K balances were highly 
negative in pure sorghum and pure roselle (PS and PR) and lowest were in 
intercropped sorghum at LD and pure grass (PG). Corresponding means 
were -57, -47, -21, -2 and -1 kg ha-1 yr-1, respectively. There were no 
significant (P>0.05) differences between intercropped sorghum at LD (LD+S) 
and roselle at HD (HD+R).  
 
Within sorghum systems the K balances were positive in HD+S, but negative 
in LD+S and PS, with corresponding means of 30, -1 and -57 kg ha-1 yr-1, 
respectively. Within roselle systems K balances showed similar trend as that 
reported in sorghum systems. The K balances were positive in HD+R, while 
negative LD+R and PR with corresponding means of 3, -21 and -47 kg ha-1 yr-
1, respectively. Within grass systems, K balances were positive in HD+G, and 
LD+G and negative in PG, with respective means of 68, 55 and -2 kg ha-1 yr-1. 
 
The interaction effects (Table 15) between LMS and cropping seasons on 
average K balances were highly significant (P≤0.001). Within sorghum 
systems pure sorghum (PS) had negative K balances in the three seasons and 
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the highest negative balances were in the second season (-107 kg ha-1 yr-1) and 
the lowest (-8 kg ha-1 yr-1) was in the first season. Intercropped sorghum at 
HD (HD+S) had positive K balances in the first and the third seasons and 
negative in the second season. Corresponding means were 66, -17 and 41 kg 
ha-1 yr-1 for the first, second and the third season, respectively. Similarly, 
intercropped sorghum at LD (LD+S) had positive K balances in the first and 
the third seasons, but negative balances in the second seasons. Corresponding 
means were 45, -58 and 10 kg ha-1 yr-1, respectively. 
Within roselle systems, pure roselle (PR) had negative K balances in the three 
seasons. The highest negative balances were in the second season (-80 kg ha-1 
yr-1) and the lowest (-17 kg ha-1 yr-1) were in the first season. Intercropped 
roselle at HD (HD+R) had positive K balances in the first season, but negative 
balances in the second and the third seasons, with corresponding means of 67, 
-50 and -9 kg ha-1 yr-1 for the first, second and the third season, respectively. 
Similarly, intercropped roselle at LD (LD+R) had positive K balances in the 
first, and negative balances in the second and the third seasons, but the 
highest negative balances were in the second season. Corresponding means 
were 35, -67 and -32 kg ha-1 yr-1, respectively 
 
Within grass systems, all systems had positive K balances in the three seasons, 
but the balances were highest in HD+G, intermediate in LD+G and lowest in 
PG. Means of K balances for pure grasses (PG) were 31, 34, 17 kg ha-1 yr-1, 
for HD+G were 102, 107 and 90 kg ha-1 yr-1, for LD+G were 82, 85 and 69 kg 
ha-1 yr-1 in the first, second and the third season, respectively.  
 
4.5.2 Nutrient Balances as Affected by Cropping Seasons 
Means of nutrients balances as influenced by cropping seasons were 
summarized in Table 14. The table shows that cropping seasons had 
significantly (P≤0.001) affected average balances of all nutrients under study. 
 
 
 
 
114 
 
 
However, between seasons, the balances for the different nutrients showed 
diverse patterns.  
 
Mean of C balances was positive in the first and third season (1424 and 406 kg 
ha-1 yr-1), while negative in the second season (-438 kg ha-1 yr-1). Nitrogen 
balances were positive in all seasons with higher N balances found in the first 
season, intermediate in the third and the lowest in the second season. 
Corresponding means were 166, 133, and 107 kg ha-1 yr-1, respectively. Mean 
phosphorus balances was positive in the first season, while highly negative in 
the second and third seasons with corresponding means of 5, -19 and -10 kg 
ha-1 yr-1, respectively. Mean of K balance was positive in the first and neutral 
in the third seasons, while negative in the second season with corresponding 
means of 37, 0.0 and -27 kg ha-1 yr-1, respectively.  
 
4.5.3 Nutrient Balances Related to Nutrient Stocks 
Table 16 shows the nutrient stocks calculated at topsoil layer (0.3m), nutrient 
balances and relative gains and losses for studied land management systems. 
The table shows that amongst the LMS, C was mined by up to -49%, -27% 
and -6% of the total stock in pure sorghum (PS), pure roselle (PR), and pure 
grass systems (PG), respectively. Within intercropped systems there was 
accretion of C, which was variable between systems. The C gains ranged from 
30% to 73% in systems at HD, and from 1% to 53% in systems at LD. Within 
intercropped sorghum, there were gains by up to 30% and 1% in HD+S and 
LD+S, respectively. Within intercropped roselle the gains were 42% and 9% 
in HD+R and LD+R, respectively. In intercropped grass the gains were 73% 
and 53% in HD+G and LD+G, respectively.  
 
The stocks of N were mined by -11% and -7% in PS and PR, while there were 
gain by up to 1% in PG. Within all intercropped systems there were gains in 
N ranged from 24% to 31% in systems at HD, and from 16% to 26% in 
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systems at LD. Within systems nitrogen gains were 28%, 16%, 24%, 14%, 
31% and 26% in HD+S, LD+S, HD+R, LD+R, HD+G and LD+G, 
respectively. 
 
The stocks of P were severely mined in all roselle systems, pure sorghum, 
sorghum at LD.  Corresponding means were -118%, -100, -109, -30 and -42% 
in HD+R, LD+R, PR, LD+S and PS, respectively. Within intercropped grass 
there was accumulation of P by up to 82% and 64% in HD+G and LD+G, 
respectively. Both intercropped sorghum at HD (HD+S) and pure grasses 
(PG) had neutral P status. 
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Table 15. The interaction effects of land management systems and cropping seasons on means of `Most Probable` nutrients 
balances (kg ha-1 yr-1) for C, N, P and K at EL Demokeya research site, North Kordofan, Sudan. (Combined for 3 seasons) 
Land management systems Cropping seasons 
HD+S LD+S PS HD+R LD+R PR HD+G LD+G PG 
Carbon 
2002 2950a 1988a -462a 3032a 1659a -659a 3579c 2702c 484c 
2003 -161c -1913c -4183c 644c -454c -1973c 3731a 2774b 751a 
2004 1401b 43b -2320b 1474b 261b -1421b 3693b 2792a 558b 
Mean 1397 39 -2322 1717 488 -1351 3668 2756 597 
Nitrogen 
2002 305a 207a -2a 311a 173a -14a 297b 222b 9b 
2003 224c 106c -98c 205c 81c -71c 298a 224a 11a 
2004 267b 158b -54b 248b 118b -42b 291c 216c 9b 
Mean 265 157 -51 255 124 -43 296 221 10 
Phosphorous 
2002 10a 7a -2a 9a 5a -7a 13b 10b 3c 
2003 -10c -17c -25c -51c -48c -39c 14a 11a 5a 
2004 0.0b -5b -14b -30b -29b -26b 14a 11a 4b 
Mean 0.0 -5 -13 -24 -24 -24 13 11 4 
Potassium 
2002 66a 45a -8a 67a 35a -17a 102b 82b 31b 
2003 -17c -58c -107c -50c -67c -80c 107a 85a 34a 
2004 41b 10b -57b -9b -32b -44b 90c 69c 17c 
Mean 30 -1 -57 3 -21 -47 100 79 27 
† See Table 1 (Chapter III) for symbols of land management systems 
Means followed by the same letter(s) in the same column are not significantly different at the 5% level, according to 
Tukeys Mean Separations,  
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The stocks of K were mined in all pure cropped systems by up to -26%, -24% 
and -1% in PS, PR and PG, respectively.  Intercropped sorghum and roselle 
at LD had also showed losses in K stocks amounting to -43% and -9% in 
LD+S and LD+R, respectively. Conversely, all systems at HD and grass 
systems at LD had shown accumulation of K with respective means of 11%, 
1%, 27% and 22%, for HD+S, HD+R, HD+G and LD+G, respectively. 
 
 4.6 Sensitivity Analysis 
The optimistic and pessimistic balances used in this analysis were scenarios 
obtained by using the inputs and outputs values obtained in the average 
"most probable" balances. The optimistic balances were calculated by 
combining high estimates of nutrient inputs and low estimates of nutrient 
outputs. Conversely, the pessimistic balances combine high values for outputs 
with low values for inputs.  
 
4.6.1 Optimistic Balances 
The optimistic and pessimistic balances for C, N, P and K as affected by LMS and 
cropping seasons were summarized in Table 17. The table shows that LMS had 
significant (P≤0.001) effects on optimistic balances. On the whole, the optimistic 
balances for C, N, P and K were negative in PS and PR, while PG had negative 
optimistic C balances but positive N, P and K. Between intercropped systems the 
patterns were only consistent for C and N, where optimistic balances were higher 
in systems at HD than those at LD. For optimistic P and K the patterns were 
variable depending on type of crops and tree density. 
 
 In intercropped sorghum, with exception of P, which was neutral in systems at LD 
(LD+S), the optimistic balances for C, N and K were positive with high values in 
sorghum systems at HD (HD+S) and low values in systems at LD (LD+S). 
Corresponding means were 2527, 353, 5 and 64 kg ha-1 yr-1 for HD+S, and 1027, 
222, 0 and 30 for LD+S, respectively. 
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In intercropped roselle optimistic balances of C, N and K were positive with high 
values in systems at HD (HD+R) with corresponding means of 2905, 353, and 48 
kg ha-1 yr-1.  On the contrary, the optimistic P balances were negative in roselle 
systems at both tree densities (HD+R and LD+R), but the differences were not 
statistically significant (P<0.05) with the higher values were in LD+R.  
 
The intercropped grass systems at both tree densities (HD+G and LD+G) had 
positive optimistic balances for C, N, P and K, but higher positive balances were in 
HD+G. Corresponding means were 3544, 367, 13, and 96 kg ha-1 yr-1 in HD+G 
and 2635,274, 10 and 77 kg ha-1 yr-1 in LD+G. 
 
The effects of cropping seasons on optimistic balances (Table 17) were highly 
significant (P≤0.001). For three seasons means of optimistic balances were 
positive for C, N and K, while negative for P with corresponding means of 1238, 
193, -3 and 31 kg ha-1 yr-1 for C, N, P and K, respectively. Within seasons, mean 
optimistic balances for C, N and K were positive in the three seasons, whilst that 
of P were positive in the first season and negative in the second and the third 
seasons.  
 
The interaction effects between LMS and cropping seasons on optimistic 
nutrient balances for C, N, P and K were summarized in Table 18. The table 
shows that optimistic balances for all nutrients studied were significantly 
(P≤0.001) affected by LMS and cropping seasons.  
 
Between systems, the overall means of pessimistic balances over the three 
cropping seasons were negative for all studied nutrients in pure sorghum and pure 
roselle. Corresponding means for PS were -1738, -34, -9 and -35 kg ha-1 yr-1 and 
 
 
 
 
118 
 
 
for PR were -959, -27, -17 and -25 kg ha-1 yr-1 for C, N, P and K, respectively. 
Pure grasses on the other had had negative optimistic C balances, but positive N, P 
and K balances in the three seasons, with corresponding means of -216, 8, 1 and 9
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Table 16. Means of nutrients stocks, nutrient balances and relative gains or losses for land management systems after three cropping 
seasons (2002-2004) at EL Demokeya research site, North Kordofan, Sudan 
 
Nutrients 
 
C N P K 
LMS† 
Stocks Balances Gain/loss Stocks Balances Gain/loss Stocks Balances Gain/loss Stocks Balances Gain/loss
 Kg ha-1 Kg ha-1 % Kg ha-1 Kg ha-1 % Kg ha-1 Kg ha-1 % Kg ha-1 Kg ha-1 % 
HD+S 4658 1397 30 938 265 28 11 0 0 266 30 11 
LD+S 5206 39 1 953 157 16 12 -5 -42 230 -1 -43 
PS 4706 -2322 -49 452 -51 -11 10 -13 -30 221 -57 -26 
HD+R 4133 1717 42 1080 255 24 11 -24 -118 266 3 1 
LD+R 5618 488 9 885 124 14 12 -24 -100 239 -21 -9 
PR 5076 -1351 -27 590 -43 -7 11 -23 -109 195 -47 -24 
HD+G 5033 3668 73 945 296 31 11 9 82 248 68 27 
LD+G 5153 2756 53 840 221 26 11 7 64 248 55 22 
PG 5922 -368 -6 635 6 1 11 0 0 221 -2 -1 
† See Table 1 (Chapter III) for symbols of land management systems 
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kg ha-1 yr-1, for C, N, P and K, respectively. Intercropped systems showed 
variable optimistic balances for the studied nutrients over the three seasons. 
 
Within sorghum systems, in pure sorghum (PS) the optimistic balances of C 
were negative in all seasons, while N and K were positive in the first season, 
but negative in the second and third seasons. Optimistic P balances under this 
system were neutral in the first season but negative in the second and third 
seasons. In intercropped sorghum at HD (HD+S) the optimistic C, N and K 
balances were positive in the three seasons, while P was positive in the first 
and third seasons, but negative in the second season. In sorghum at LD 
(LD+S) the optimistic N was positive in the three seasons, while C and K were 
positive in the first and third seasons, but negative in the second season. 
Optimistic P balances in this system were positive in the first season, negative 
in the second and neutral in the third season.  
 
Within roselle systems, pure roselle had negative optimistic balances for C, N, 
P and K in the three seasons. In intercropped roselle at HD (HD+R) the 
optimistic balances for C, N and K were positive in three seasons, while that 
of P were positive in the first season and negative in the second and the third 
seasons. In intercropped roselle at LD (LD+R) the optimistic balances of C 
and N in intercropped roselle were positive in the three cropping seasons. The 
optimistic P balances were positive in the first but negative in the second and 
third seasons, while K balances were positive in the first and third seasons 
and negative in the third seasons. 
 
Within grass systems, pure grass (PG) had negative optimistic balances for C 
in the three seasons, but positive optimistic balances for N, P and K in the 
three seasons. In intercropped grasses at both tree densities (HD+G and 
LD+G) the optimistic balances for C, N, P and K were positive in the three 
seasons. 
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Table 17. Effects of land management systems and cropping seasons on means 
of optimistic balances (Kg ha-1 yr-1) for C, N, P and K (means for 3 
seasons, n=3)  
Management System † Optimistic balances • 
 C N P K 
HD+S 2527.0 c 353.0 a 5.0 c 64.0 c 
LD+S 1027.0 e 222.0 c 0.0 d 30.0 e 
PS -1738.0 h -34.0 f -9.0 e -35.0 h 
HD+R 2905.0 b 353.0 a -12.0 f 48.0 d 
LD+R 1288.0 d 186.0 d -14.0 f 13.0 f 
PR -959.0 g -27.0 f -17.0 g -25.0 g 
HD+G 3544.0 a 367.0 a 13.0 a 96.0 a 
LD+G 2635.0 c 274.0 b 10.0 b 77.0 b 
PG -216.0 f 8.0 e 1.0 d 9.0 f 
SE 147.8*** 11.1*** 1.7*** 4.6*** 
Cropping Seasons     
2002 1920.0 a 211.0 a 7.0 a 55.0 a 
2003 569.0 c 169.0 c -11.0 c 9.0 c 
2004 1183.0 b 187.0 b -4.0 b 29.0 b 
Mean 1238.0 193.0 -3.0 31.0 
SE 85.5*** 6.4*** 0.10*** 2.6*** 
† See Table 1 (Chapter III) for symbols of land management systems.  
• Means followed by the same letter(s) in the same column are not 
significantly different at the 5% level, according to Tukeys Mean Separations, 
Ns= not significant; *= significant at P<0.05; **=significant at P<0.01; *** 
=significant at P <0.001. 
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Table 18. The interaction effects of land management systems and cropping seasons on means of optimistic balances (kg ha-1 yr-1) of  
C, N, P and K (combined for 3 Seasons) 
Cropping seasons Land management systems † 
 HD+S LD+S PS HD+R LD+R PR HD+G LD+G PG 
 Carbon 
2002 3687ab 2485c -347ef 3823a 2110d -483 f 3542b 2634c -176e 
2003 1361d -436f -3132h 2165c 643 b -1396g 3545a 2636b -269f 
2004 2532 b 1031c -1736f 2727b 1113b -999 e 3545a 2636b -202d 
Mean 2527 1027 -1738 2905 1289 -959 3544 2635 -216 
 Nitrogen 
2002 382ab 259c 2e 394a 221d -7e 368b 274c 8e 
2003 323b 184d -69h 318b 155e -47g 369a 276c 9f 
2004 354a 223c -36f 349a 182d -26f 363a 270b 8e 
Mean 353 222 -34 353 186 -27 367 222 8 
 Phosphorous 
2002 13a 9cd 0.0e 12ab 7d -4f 12ab 10bc 1e 
2003 -2d -9e -18f -33h -32h -28g 13a 10b 1c 
2004 6c 0.0d -9e -17f -18f -18f 13a 10b 1d 
Mean 5 0.0 -9 -13 -14 -17 13 10 1 
 Potassium 
2002 91b 65d 2g 93ab 56e -4g 99a 80c 15f 
2003 29c -13e -72g 10d -19e -49f 101a 82b 9d 
2004 72b 38c -35f 39c 5d -23e 88a 69b 3d 
Mean 64 30 -35 47 14 -25 96 77 9 
† See Table 1 (Chapter III) for symbols of land management systems.  
• Means followed by the same letter(s) in the same column are not significantly different at the 5% level, according to Tukeys Mean 
Separations, Ns= not significant; *= significant at P<0.05; **=significant at P<0.01; *** =significant at P <0.001
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4.6.2 Pessimistic Balances 
Mean of pessimistic balances for all nutrients were shown in Table 19. The 
table shows that LMS had significant (P≤0.001) effects on pessimistic 
balances. Between systems pure sorghum and pure roselle had negative 
pessimistic balances of all nutrients, while PG had negative pessimistic 
balances for C, P and K, but positive balances for N. Between intercropped 
systems the pessimistic balances for the four nutrients were variable. 
  
Within sorghum systems pure sorghum had negative pessimistic balances for 
all nutrients under study with respective means of -2905, -68, -18 and -80 for 
C, N, P and K kg ha-1yr-1, respectively.  In intercropped sorghum at HD 
(HD+S) the pessimistic balances for C and N were positive, while those of P 
and K were negative with respective means of 266, 178, -5 and -36 kg ha-1yr-1, 
for C, N, P and K, respectively. In intercropped sorghum at LD (LD+S) 
pessimistic balances for C, P and K were negative, while those of N were 
positive. Corresponding means are -948, 91, -10 and -32 kg ha-1yr-1, 
respectively.  
 
 Within roselle systems, pure roselle had negative pessimistic balances for all 
nutrients with corresponding means of -1742, -58, -30 and -69 kg ha-1yr-1, for 
C, N, P and K respectively. In intercropped roselle at HD (HD+R) the 
pessimistic C and N balances were positive, while those of P and K were 
negative with corresponding means of 529, 156, -35 and -42 kg ha-1yr-1, 
respectively. Intercropped roselle at LD (LD+R) had positive pessimistic N 
balances, but negative C, P and K with corresponding means of -312, 62, -33 
and-56 kg ha-1yr-1, respectively. 
  
Within grass systems pure grass had negative pessimistic balances for C, P 
and K, while positive balances for N, with corresponding means of -521, 3, -1 
and -12 kg ha-1yr-1 for C, N, P and K, respectively. Intercropped grass at both 
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tree densities (HD+G and LD+G) had positive pessimistic balances for all 
nutrients. 
Table 19. Effects of land management systems and cropping seasons on means 
of pessimistic balances (Kg ha-1 yr-1) for C, N, P and K (means for 3 
seasons, n=3)  
Management System † 
 
Pessimistic balances • 
 C N P K 
HD+S 266.0 c 178.0 b -5.0 b -36.0 c 
LD+S -948.0 e 91.0 d -10.0 c -32.0 c 
PS -2905.0 g -68.0 g -18.0 d -80.0 f 
HD+R 529.0 c 156.0 c -35.0 f -42.0 c 
LD+R -312.0 d 62.0 e -33.0 ef -56.0 d 
PR -1742.0 f -58.0 g -30.0 e -69.0 e 
HD+G 1710.0 a 216.0 a 6.0 a 41.0 a 
LD+G 1257.0 b 160.0 c 5.0 a 32.0 a 
PG -521.0 d 3.0 f -1.0 b -12.0 b 
SE 188.4*** 8.5*** 2.9*** 6.8*** 
Cropping Seasons     
2002 928.0 a 121.0 a 3.0 a 18.0 a 
2003 -1445.0 c 46.0 c -28.0 c -64.0 c 
2004 -371.0 b 79.0 b -15.0 b -28.0 b 
Mean -288.0 88.0 -14.0 -24.0 
SE 108.6*** 4.9*** 1.7*** 3.9*** 
† See Table 1 (Chapter III) for symbols of land management systems.  
• Means followed by the same letter(s) in the same column are not 
significantly different at the 5% level, according to Tukeys Mean Separations, 
Ns= not significant; *= significant at P<0.05; **=significant at P<0.01; *** 
=significant at P <0.001. 
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Table 20. The interaction effects of land management systems and cropping 
seasons on means of pessimistic balances (kg ha-1 yr-1) of C, N, P and K  
(combined for 3 Seasons) 
Cropping seasons Land management systems † 
 HD+S LD+S PS HD+R LD+R PR HD+G LD+G PG 
 Carbon 
2002 2212 a 1491bc -578 de 2241 a 1207 c -834 e 1753 b 1283 c -424 d
2003 -1683 d -3390f -5235 g -876 c -1551d -2550 e 1680 a 1248 b -651 c
2004 270 c -946 e -2904 g 222 c -591 d -1842 f 1698 a 1240 b -486 d
Mean 266 -948 -2905 529 -312 -1742 1710 1257 -520
 Nitrogen 
2002 228 a 154 b -6 d 228 a 124 c -22 e 219 a 163 b 3 d 
2003 126 c 27 e -127 h 92 d 6 f -95 g 219 a 164 b 3 f 
2004 179 b 93 d -71 g 148 c 55 e -58 g 210 a 155 c 2 f 
Mean 178 91 -68 156 62 -58 216 161 3 
 Phosphorous 
2002 8 a 6 ab -3 d 6 ab 3 bc -8 e 6 ab 5ab -1 cd
2003 -17 c -26 d -32 e -70 h -64 g -49 f 6 ab 5 a -1 b 
2004 -5 b -10 c -18 d -43 f -40 f -33 e 6 ab 5 a -1 b 
Mean -5 -10 -18 -36 -34 -30 6 5 -1 
 Potassium 
2002 42 a 26 b -18 d 41 a 17 b -29 e 48 a 39 a -1 c 
2003 -62 c -104 d -142 f -109 de -116 e -112 de 47 a 39 a -13 b
2004 10 b -19 c -80 f -56 d -69 e -65 de 27 a 18 ab -22 c
Mean -3 -32 -80 -41 -56 -69 41 32 -12 
† See Table 1 (Chapter III) for symbols of land management systems.  
• Means followed by the same letter(s) in the same column are not significantly 
different at the 5% level, according to Tukeys Mean Separations, Ns= not 
significant; *= significant at P<0.05; **=significant at P<0.01; *** =significant at P 
<0.001. 
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The effects of cropping seasons on pessimistic balances (Table 18) were highly 
significant (P≤0.001). For all seasons the mean pessimistic balances were positive 
for N, while negative for C, P and K with corresponding means of -288, 88, -14 
and -24 kg ha-1yr-1, respectively. Within seasons, with exception of N, which had 
positive means of pessimistic balances in the three seasons, the balances of C, P 
and K were positive in the first season but negative in the second and third 
seasons.  
 
The interaction effects between LMS and cropping seasons on pessimistic 
nutrient balances for C, N, P and K were summarized in Table 20. The table 
shows that optimistic balances for all nutrients studied were significantly 
(P≤0.001) affected by LMS and cropping seasons.  
 
Between systems, the overall means of pessimistic balances over the three 
cropping seasons were negative for all studied nutrients in pure sorghum and 
pure roselle. The equivalent means for PS were -2905, -68, -18 and -80 kg ha-1 
yr-1 and for PR were -1742, -58, -30 and -69 kg ha-1 yr-1 for C, N, P and K, 
respectively. In pure grasses the overall means of pessimistic balances were 
negative for C, P and K, but positive for N, with corresponding means of -520, 
3, -1 and -12, kg ha-1 yr-1, for C, N, P and K, respectively. Intercropped 
systems showed variable pessimistic balances for the studied nutrients over 
the three seasons. 
 
Within sorghum systems, in pure sorghum (PS), means of pessimistic balances 
for all studied nutrients were negative in the three seasons.  In intercropped 
sorghum at HD (HD+S) the means were positive in the first and the third 
seasons, but negative in the second season, for C and K.  In intercropped 
sorghum at LD (LD+S) means of pessimistic balances were positive for N in 
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the three seasons. The means were for C, P and K were positive in the first 
season, but negative in the second and third seasons.  
 
Within roselle systems, pure roselle had negative mean pessimistic balances 
for C, N, P and K in the three seasons. In intercropped roselle at HD (HD+R) 
mean pessimistic balances were positive for N in the three seasons. For P and 
K the balances were positive in the first season while negative in the second 
and third seasons. For C the balances were positive in the first and second 
seasons while negative in the second season. In intercropped roselle at LD 
(LD+R) means of pessimistic balances for N, P and K followed the same 
pattern as that of HD+R, but for C the balances were positive in the first 
season, but negative and the second and third seasons.  
 
Within grass systems, pure grass (PG) had negative means of pessimistic 
balances for C, P and K in the three seasons, but positive optimistic balances 
for N.  In intercropped grasses at both tree densities (HD+G and LD+G) 
means of pessimistic balances for C, N, P and K were positive in three 
seasons, with higher values in systems at HD and lower values in systems at 
LD. 
 
 
 
 
203 
 
CHAPTER V 
DISCUSSION 
 
5.1 Effects of Land Management Systems on Soil Properties 
5.1.1 Effects on Soil Physical Properties (particle size distribution) 
The results showed that the effects of LMS on soil physical characteristics 
varied between and within systems. Generally, better soil physical 
characteristics were found under intercropped systems compared to pure 
crops and pure grasses. This is in agreement with findings of many research 
workers (Virginia and Jarrell, 1983; Kumar et al., 1998; Nimer, 2000; Manlay 
et al., 2002; Daldoum and Nimer, 2002; El Tahir et al., 2004). In this study, 
however, the lower coarse sand contents on the one hand and high fine sands, 
silt and clay contents on the other, under LMS with high-tree density could 
partly be attributed to the dense vegetation cover made by the trees and the 
shelter they provide to soils from wind and water impacts and to a degree to 
the litter cover beneath the tree canopy.  
 
The changes in soil particle size distribution under intercropped systems 
compared to pure crops and pure grass could be attributed to the protection 
that trees had given to the soil against surface compaction, run-off and 
erosion (Young, 1986, 1997). Or perhaps could be due to the fact that the trees 
had acted as physical barriers against wind erosion and trap fine sediments 
during the dust storms that are prevalent in the study area and protect soil 
from impacts of highly erosive raindrops. Similar result have been reported 
by Sanchez, (1987) for Faidherbai albida in the Sahel and Prosopis cineraria in 
Rajistan, India, where increased clay content had been found beneath the 
canopy of these trees. Generally, trees and biomass from trees can improve 
and maintain soil physical properties (Prinsley, and Swift, 1994; Young, 1997; 
Buresh and Tian, 1998). 
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According to El Fadl (1997) silt and fine sand are the most readily erodible 
materials and hence the clay ratios, which are the ratios of silt and fine sands 
to clay contents, can be used as a measure of erodibility. Consequently, the 
higher the clay ratio, the more susceptible the soil is to erosion. The clay ratios 
were higher under pure crops and pure grass compared to intercropped 
systems, but it was much higher at the uppermost layer 0.3 m. The increased 
clay ratios under pure crops could be due to lower amounts of clay in soils 
under these systems. The soils under intercropped systems contained more 
erodible materials (Table 5) but its stabilization could be explained by the 
interaction of humus and clay and its likeness to formation of aggregates and 
colloids (El Fadl, 1997).  
 
5.1.2 Effects on Soil Chemical Properties 
The results showed that mean N concentrations in the intercropped systems 
were comparatively higher than that of pure cropping and pure grass. These 
results are in agreements with several studies (Bayala, et al., 2002; Hirobe, et 
al., 2001; Wezel, 2000; Deans et al., 1999; Kumar, et al., 1998). In this study 
the higher soil N content under intercropped systems could be due to a direct 
N input form tree to soil but also due to a stimulation of mineralization of soil 
nitrogen. Root turnover of the tree is another process of direct N input, which 
could increase soil N (Lehmann et al., 1999). This can be explained by the 
presence of tree litter and roots turnover and to biological nitrogen fixation. 
In addition, the higher N contents under LMS at high-tree density could 
indicate greater inputs of organic material and mineralization. Also, the deep 
rooting systems and lateral roots of the tree play a significant role in soil 
organic matter and nutrients cycling. The lateral roots of woody plants lead to 
nutrient uptake within the root zone and hence to redistribution of nutrients 
within the soil (Buresh and Tian, 1998). Breman and Kessler, (1995) are of the 
opinion that in semi-arid areas the lateral capture of soil nutrients by trees is 
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considerable and is much more important than the capture from deep soil 
layers. 
 
Soil N contents were slightly higher under intercropped roselle at both tree 
densities (HD+R and R16) in comparison with intercropped sorghum and 
grass systems. Under the former systems the high levels could be attributed to 
the high nitrogen contents in the flowers of roselle that fall as litter and when 
decompose add to soil nitrogen pools. Based on figures obtained in this study 
and those from the literature (Duke and Atehley, 1984), roselle flower 
contains 29 g protein equivalent to 4.6% N. Conversely, the lower N levels 
under pure cropping and pure grass may be due to greater immobilization, or 
lower mineralization of organically bounded nitrogen (Montagnini, 2000). 
 
With exception of pure grass the results showed that soil OC was 
comparatively higher under intercropped systems. The high levels of OC 
under intercropped systems are in strong agreement with the nutrient 
accumulation patterns found for this species (Gaafar, 2005; El Tahir, et al., 
2004; Deans et al., 1999; Gerakis and Tsangerakis, 1970) and also for other 
woody perennials in Arid and Semi-arid systems (El Tahir, et al., 2004, Wezel, 
2000; Jaiyeoba, 1996; Grouzis and Akpo, 1997; Abrams et al., 1990; Belsky, 
1989). In general, organic matter contents are higher beneath and near trees 
than in the open space between trees or grasslands (Deans et al., 1999; Scholes 
and Archer, 1997). Hence, possible reasons for low OC contents under pure 
cropping could be mainly to scanter vegetation and continuous cropping with 
subsequent removal of plant residues. It is worth noting that build up of soil 
organic carbon is only possible with addition of both organic matter and 
nitrogen (Geesing et al., 2002). Furthermore, soil organic carbon content is 
controlled by local climate and soil conditions, fire and grazing intensity, as 
well as the amount and chemical quality of the OM added to the soil (Manlay 
et al., 2002). It is well acknowledged that the annual decomposition rate of soil 
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organic carbon is higher in arid and semi-arid tropical climates than in 
temperate regions (Nair, 1993; Young, 1997). Since decomposition rate 
increases with temperature and aeration, cultivation increases the rate of 
disappearance of soil organic carbon. 
 
 
Conversely, in this study soil OC was higher in pure grass treatments 
compared to other treatments. This could be attributed to the previous land 
use history before conducing this study.  The previous management protocol 
for all LMS with grasses in the experimental site was to clean and leave 
grasses in situ because the main objective was to study the spatial and 
temporal effects of trees and crops on soil moisture (Gaafar, 2005). This 
cultivation process might have created good growth conditions for 
microorganism, which in turn decompose grass residues with consequent 
incorporation into the soil. Moreover, low levels of N under these systems 
could have made greater contribution to build-up of soil OC (Geesing et al., 
2002). 
 
The result showed that there were significant differences between mean 
carbon contents in the topsoil under intercropped treatments and pure 
cropping, but higher carbon contents were found at the upper most soil layer 
(0.3 m). The high OC at this soil layer compared to lower depth (0.6 m) is in 
accord with findings by many scholars (Gaafar, 2005; Bernhard-Reversat, 
1982; Breman and Kessler, 1995; Deans et al., 1999; Ardö and Olsson, 2002b). 
Generally, in semi-arid ecosystems SOC is mainly concentrated in the upper 
0.2 m of the soils. This is mainly because in the lower soils layers there was not 
so much organic matter due to removal of crop residues and the left over 
materials become litter and decompose quickly at the beginning of the rainy 
season with the first showers (Bernhard-Reversat, 1982).  
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The results showed that C/N ratios were lower in the intercropped systems 
irrespective of tree density, type of crop and soil depth, but were higher in 
pure crops and pure grasses. The low C/N ratios in intercropped systems 
could be ascribed to high amount of organic matter accumulation as a result 
of litter fall and to higher N contents in the leaves of the A. senegal trees. 
Litter from A. senegal is rich in mineral N and compose of easily digestible 
organic molecules and with C/N ratio of less than 10 (Deans et al., 1999; 
Bernhard-Reversat, 1982). In addition, nitrogen fixation by trees would lead 
to high N contents and hence to lower C/N ratios. Therefore, these in 
combination with favorable climatic conditions (moisture and temperature) 
under tree cover; the litter soon disappears from soil surface after shedding 
and dose not tend to accumulate. For that reason, the high N contents from 
the above sources under intercropped systems might have lead to fast 
decomposition of organic matter which in turn has lead to a decrease of OC. 
Furthermore, it could be due to low temperature and high soil moisture under 
trees that might enhance decomposition and mineralization processes (Belsky 
et al., 1993; Amudson, et al., 1995). 
 
It is quite conspicuous that under pure crops and pure grasses systems C/N 
ratios were noticeably very high compared to intercropped systems, which 
indicate that greater rate of immobilization took place under the former 
systems. It could also be due to low N levels in the soils under these systems 
that might in turn have lead to low decompositions with consequent 
accumulation of organic matter. Furthermore, in soils under pure grass, 
organic matter tends to accumulate for longer period because conditions for 
decomposition are not favorable due to low biological activities (Rhoades 
1997; Belsky et al., 1989) due to very low levels of N under pure grass systems 
compared to other systems. Hence, nitrogen additions are essential to 
decrease the C/N ratio and facilitate the decomposition of high C/N containing 
dry matter such as grasses (Geesing et al., 2002).  
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The results showed that there were insignificant differences in P 
concentrations between and within LMS at studied soil depths. Similar results 
have been reported by Deans et al., (1999), for the same species in plantations 
3 to 18 years old in Northern Senegal. However, in this study, at both soil 
depths, soil P levels were slightly higher in soil under pure grass and 
intercropped systems at low-tree density compared to systems at high-tree 
density and pure cropping. These differences could be attributed to variations 
in uptake and mineralization rates. Dynamics of P differ from those of N 
because P occurs in both organic and inorganic forms in the soil and is 
relatively immobile hence the activity of plants roots is a major factor in P 
uptake, and may result in differences among species (Khanna, 1998). The low 
P levels under systems at high-tree density and pure crops could be attributed 
to high plant uptake and decreased mineralization (Montagnini, 2000; 
Khanna, 1998) and possibly to higher sequestrations of P in tree biomass 
(Hagar et al., 1991), because of the comparatively larger number of trees per 
unit area in these systems. Also, P is readily retranslocated before leaf 
shedding and may be retained in the living plant tissues. 
 
The results showed that potassium levels were slightly higher in intercropped 
systems at high tree-density at topsoil layer. Deans et al., (1999) found that 
both P and K are much higher in the interface between trees than under tree 
canopy. The values reported in this study were predicted to be 
underestimation due to averaging of samples. In this study soil samples were 
taken under trees and the interspaces between trees in plots with trees and 
composite samples were taken for the analysis. The original data showed that 
soil K concentrations were higher in the samples from interspaces than those 
taken under tree canopy, but averaging of the two values has led to small 
amounts of these two elements in soil under the intercropped LMS.  
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Taken as a whole the results showed that soil properties were appreciably 
ameliorated under intercropped systems compared to pure crop and pure 
grass LMS. This, however, in concurrence with the statement made by Buresh 
and Tian (1998) who summarized potential benefits of trees to soil 
improvement into three categories: - i) increased supply of nutrients through 
increased inputs and reduced outputs, ii) increased availability of nutrients 
through enhanced nutrient cycling and conservation of nutrients more labile 
forms; and iii) a more favorable environments for plant growth, through 
improved soil chemical and physical properties.  
 
5.1.3 Effects on Soil Nutrients Stocks 
The soil nutrient stocks was defined as the total mounts of nutrients present in 
the organic matter fraction, the adsorbed phase and in soil solution in the top 
0.3m of the soil profile. The results showed that there were significant 
differences in soil nutrient stocks under LMS. However, the levels of nutrient 
stocks were higher in intercropped systems compared to pure cropping and 
pure grass. Furthermore, within intercropped systems soil nutrient stocks 
were higher in systems at high-tree density. It is quite evident that in these 
systems the OM from trees biomass was the only major source of nutrient 
inputs, while crop yields and residues are the major sources of nutrient 
outputs. This indicates that tree inputs of nutrients and cycling into the 
systems are of major importance to soil nutrient dynamic in the study area. 
Generally, however, increased soil fertility under tree canopy is largely 
attributed to the contribution of tree litter, root turnover, and nutrient 
enrichment especially N due to decomposition of understorey herbaceous 
litter and N-fixation by trees (Buresh and Tian, 1998).  
 
In intercropped systems nutrients taken up by trees from below rooting zone 
of annual crops become inputs when transferred to surface soil in the form of 
leaf litter, roots (Schroth, 1995). Through, roots systems trees can potentially 
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intercepts nutrients leaching down soil profile and capture nutrients 
accumulated in subsoil below the rooting depth of annual crops (Van 
Noordwijik et al., 1996). It is quite evident that tree roots can extend beyond 
the rooting depth of annual crops and that the spatial distribution and 
temporal pattern of roots growth vary among tree species. Yet, the potential 
of trees to retrieve subsoil nutrients is generally greatest when the following 
situations take place (Buresh and Tian, 1998). When: - i) trees have deep 
rooting systems and high demand for nutrients, ii) water and/or nutrient 
stress occurs in the subsurface soil, and iii) considerable resources of plant-
available nutrients or weatherable nutrients occur in the subsoil. These 
situations, however, are applicable to the study site. 
 
In general, in this research the variability among land management systems is 
much higher for C than for N. Overall, the variations in the soil stocks of OC 
and N under the different systems could be attributed to the variations in the 
quantity and composition of organic matter from litter fall and to the rate of 
mineralization or immobilization. By and large, N and OC levels in the soil of 
the study site are generally low under all LMS and well below the level 
reported for ecosystems in subtropical and semi-arid soils. The soils of these 
ecosystems typically range from 0.2 to 0.6 g N per kg of soil and from 2 to 7 g 
C per kg of soil and have the lowest organic C and N contents (Lal, 2002, 
2001; Young, 2002, Virginia and Jarrell, 1983). Hence, the low levels of both 
N and C under studied LMD could be ascribed to the fact that the organic 
components from the trees and crops residues had been largely decomposed, 
under the relatively favorable conditions for microbial action, i.e. relatively 
high temperatures and sufficient moisture in the upper soil layer. 
Furthermore, during the years after plantation clearance, the net change in 
soil C stocks could be resulted from loss mainly due to soil respiration and C 
gains as a result of aboveground inputs and soil C sequestration (Ardö and 
Olsson, 2004; Ardö et al., 2003; Elberling et al., 2003). 
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5.2 Biomass Production and Yields Levels 
5.2.1 Acacia senegal Biomass 
The results showed that mean total biomass produced per tree in the studied 
plantation ranged from 77 to 62 kg tree-1. These values were within the ranges 
reported by Deans et al, (1999) for the species in northern Senegal. The 
authors found that by age 15-years the trees have reached cross-sectional area 
(CSA) of 167cm2, when about 77 kg of standing biomass was accumulated 
with 65 kg of these were partitioned to aboveground structure and about 12 
kg to belowground. However, in the study site the same amount of biomass 
(77 kg) has been accumulated by trees at the same age (15 years), but the only 
difference is that trees in this study have smaller CSA amounting to 145 cm2. 
This is likely to be an indication of the good site quality of the study area. 
Converting the aboveground biomass accumulation for 15 years to an annual 
basis for the plantation under study would yield a range from 6 to 8 kg tree-
1yr-1. These values are within the range found for the species in semi-arid area 
in Northern Senegal (Deans, et al., 1999). Hence, one can safely say that the 
results of this study validate the applicability of the regression equations 
developed by Deans et al., (1999) to the study site. 
 
5.2.2 Gum Arabic Yields 
Gum yield variability between trees is very high. It ranges from few grams to 
over 2 kg tree-1 with annual average of 0.25 kg tree-1 (IIED and IES, 1989). 
Gum yield were also influenced by tree age and height. Gum yield increases 
slightly between 5 and 10 years reaching its peak between 7 and 15 years of 
age and then decreases (Hussein, 1990; Abdel-Rahman, 2001). In this study, 
the results showed that average gum yield (kg tree-1) at age 15-years ranged 
between 0.7 to 0.5 kg which was almost similar to those of 0.58 kg obtained by 
Abdel-Rahman, (2001), for plantations of similar age at El Demokeya Forest 
Reserve. Contrarily, yields per tree obtained in this study were rather very 
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high than those obtained by Gaafar (2005) in the same site, which ranged 
from 0.18 to 0.26 kg tree-1. Generally, the main sources of this variability were 
attributed, among other unknown factors, to management and climate (Ballal, 
2002) and partially to genetic make up of the tree (Elfeel, 1996). Furthermore, 
it should be noted that within stand, greater variability exists between 
individual trees as regards, growth rate (Ballal, 1992); morphological 
characters and availability of water (Gaafar, 2005). Indeed, it could also be 
due to high levels of soil fertility under trees. It was manifest in this study that 
the highest gum yield per tree that has exceeded 1.3 kg tree-1 was from 
intercropped roselle at high-tree density (data not shown). 
 
The results also showed that there are no significant differences in gum 
production per tree relative to tree density. Yield per tree was slightly higher 
in intercropped roselle at low-tree density (0.69 kg tree-1) and in sorghum at 
high-tree density (0.5 kg tree-1). Gum yield per ha was significantly higher in 
all systems at high tree density especially HD+S. This result supports that 
obtained by Gaafar, (2005) from the same site who concluded that gum 
production was strongly affected by the topsoil water but not by that in the 
deeper soil layers. In addition, water availability during the rainy season is a 
limiting factor in the process of gum Arabic production.  
 
5.2.3 Field Crops and Grasses 
5.2.3.1 Sorghum 
The results showed that sorghum grains yields, stover and total dry matter 
production were not significantly different between intercropped and pure 
sorghum, but were slightly higher in intercropped systems. However, in this 
study tree density has a profound impact on sorghum productivity. The 
higher yields of all sorghum components were produced in systems at low 
tree-density (266 tree ha-1) compared to sorghum at high-tree density (433 
tree ha-1) and pure sorghum. Furthermore, pure sorghum on the other hand 
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produced more grains, stover and total dry matter than intercropped 
sorghum at high tree-density. These results are in accord with findings by 
Lehmann, et al., (1999) and strongly support that obtained by Gaafar (2005) 
in the same site. In alley cropped sorghum with Acacia saligna in Northern 
Kenya, Lehmann, et al., (1999) found that the grain yields of alley cropped 
sorghum were similar to or slightly higher than in monoculture.  
 
The higher production of grains, stover and total dry matter in intercropped 
sorghum at low tree-density in comparison to the two other systems could 
perhaps be due to wider spacing, which may reduce belowground 
competitions between trees and sorghum plants for nutrients and soil 
moisture (Gaafar, 2005). Larger tree spacing reduces competition between the 
trees and the crop, which enables the crop to take advantage of high nutrient 
and moisture availability in their environment. 
 
On the other hand, the lower grain, stover and total dry matter in 
intercropped sorghum at higher tree-density could be attributed to both 
above- and below-ground competitions for light and soil moisture. However, 
reduced light intensity could be the primary cause of lower sorghum yields 
under high tree- density. Sorghum is a C4 plant and reduction of 
photosynthetically active radiation (PAR) generally results in a decline of C4 
productivity (ICRAF, 1993). High tree-density suppresses crop production 
much more than low tree-density where trees are scattered and larger space is 
available for sorghum to grow and produce. According to Kessler, (1995) the 
variation in shading and therefore yields reduction depend on tree size and 
canopy structure. He reported that sorghum grain yields under Parkia 
biglobosa and Vitellaria paradoxa were reduced by an average of 50% and 
70%, respectively. This was attributed to low amount of light reaching 
sorghum plants, which suggests that denser tree canopy limit grain 
production, more than vegetative matter. Sorghum is basically a short-day 
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species, adapted to a wide range of ecological conditions. It is essentially a 
plant of hot, dry regions. It differentiates from vegetative to reproductive 
growth when day length shortens to 12 hours (BOSTID, 1996). 
 
High-tree density had significantly affected sorghum growth and 
productivity. Although they add more nutrients than low-tree density, these 
effects could probably be due to competition for soil moisture (Gaafar, 2005). 
Indeed under these systems most plants with normal heads are found away 
from trees (canopy edge), while plants with tall stalks and small or narrow 
heads were found under trees. Furthermore, some dug out plant roots were 
found intermingled with tree roots at crop root zone (0.2-0.3 m). Similar, 
competitions between hedgerows and alley crops have been reported by many 
scholars (Korwar and Radder, 1994, 1997, Rao et al., 1991).  
 
In general, in intercropped systems nutrient competitions between trees and 
crops may have some inhibiting effects on crop growth and yields, but this 
may not be the main limiting factor in this study, because of the relatively 
high levels of soil nutrients under intercropped systems (Table 6). In this 
study it was observed that sorghum plants under tree canopy are taller than 
those in the interspaces between trees and mature later. This could be due to 
high soil fertility and favorable moisture conditions and of course to reduced 
light intensity. Korwar and Radder (1997) reported similar results for alley 
cropped sorghum with Leucaena leucocephala in Bijapur, India.  
 
The results also showed that the cropping seasons had profound effects on 
sorghum production. Sorghum yields were nil in the first seasons, good in the 
second season and intermediate in the third season. The higher sorghum 
yields in the second season 2003 could be due to high soil moisture (Gaafar, 
(2005) as a consequence of abundant and well-distributed rainfall. During this 
season the rainfall amounted to 324 mm that was well distributed during the 
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growing periods (see Fig.5). In contrast, sorghum was complete failure in the 
first season which could mainly be due to very low amount of rainfall (86 
mm), while low yields in the third season could partly be attributed to low 
rainfall (196 mm) and partly to competitions between trees and crop for 
limited resources, particularly soil moisture. 
 
5.2.3.2 Roselle (karkadeh) 
The results showed that roselle yields components were not significantly 
influenced by LMS. Yet, there are no consistent patterns regarding yields of 
the three components (calyx, seeds and stover). Within systems, pure roselle 
produced the highest calyx yields and the lowest seeds, stover (stalks plus 
branches and leaves) and total dry matter (calyces, seeds, and stover). This 
could partly be attributed to favorable growth conditions for the plant. On 
the other hand the low calyx yields coupled with high stover and dry matter 
production of roselle in high tree-density  (HD+R) could be attributed to 
shading effects which limit fruits production more than vegetative growth and 
hence production of more dry matter. This indicates that the plant has low 
tolerance to competitions with trees for basic growth requirements 
particularly light. According to Duke and Atehley (1984) roselle is a long-day 
plant, responds to fertilization and not shade tolerant, requires 4-8 months 
with night temperatures ranging above 21 ºC and a minimum of 13 hours of 
sunlight during the first 4-5 months of growth to prevent premature 
flowering.  
 
5.2.3.3 Grasses Systems 
The results showed that mean dry matter of aboveground biomass of grasses, 
after three cropping seasons, was higher under high tree-density (HD+G), 
intermediate in low tree-density (LD+G) and lower in pure grass (PG). These 
results are in accord with other studies in the semi-arid zone (Grouzis and 
Akpo, 1997; Belsky, et al., 1989). The high biomass of grass under trees could 
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be attributed to the ameliorative effects of trees on soil fertility physical, 
chemical and biological properties as well as enhancement of plant growth 
conditions. Belsky et al., (1989) for example, studied the effects of Acacia 
tortilis in Kenya and found that N, P, K, SOM and soil water content were 
greater under the canopy than outside it. Annual net primary productivity of 
grass was also greater under the canopy (7 t ha-1 compared with 3.6 t ha-
1outside the canopy). 
 
The major reason for the positive impact of trees on herbaceous stratum in 
the Sahelian environment is the improvement in the availability of water and 
increased soil fertility (Grouzis and Akpo, 1997). Improved availability of 
water under the tree canopy is due to decease in evapotranspiraton (ET) as 
well as better water infiltration, surface moisture availability and 
redistribution of water by roots. Furthermore, high production of herbaceous 
biomass could be attributed to increased soil fertility at least in the superficial 
horizon through increased amount of C, N and P (Belsky, 1989; Abrams et al., 
1990; Jaiyeoba, 1996; Grouzis and Akpo, 1997). Grouzis and Akpo, (1997) 
found that the levels of C, N and total P were significantly higher in the 
topsoil from under the canopy of Acacia tortilis, Balanites aegyptiaca and 
Ziziphus spp. than in the open in the semi-arid Sahelian region of Senegal. In 
this soil layer increased amounts of C, N and P make a conducive 
environment for the growth and development of a herbaceous stratum in the 
Sahelian region, which is normally characterized by aridity and poor soils in 
N and P. Increased productivity of herbaceous plants under tree canopy could 
also be due to adaptive response of some grass species to under canopy 
conditions (Grouzis and Akpo, 1997). 
 
The results showed that the effects of seasons on grass production were 
significant. Annual production was low in the first (2002), greater in the 
second (2003) and intermediate in the third season (2004), reflecting the 
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decreases in rainfall (86, 324 and 196 mm). This result was in conformity with 
that reported in the literature. Under dry conditions where rainfall is low, ET 
is reduced and nutrient availability is greater under the tree canopy 
compared to full sun, while under humid conditions when rainfall is high, the 
growth rate of the herbaceous plants is lower below the tree canopy than in 
the full sun as a result of high light reduction (Harmand, et al., 2003). Indeed, 
shade influences air temperature; humidity, soil temperature, soil moisture 
content, wind movement, and these factors have greater impacts on plants 
growth and productivity (Belsky et al., 1993; Amudson, et al., 1995). Hence, 
trees may induce better growth of understorey grasses in low rainfall seasons 
(Bernhard-Reversat, 19982; Belsky, et al., 1989; Grouzis and Akpo, 1997). 
Regardless of the season and tree density, in this study, biomass production in 
the shade was almost twice that in the open. Theses results back up the 
positive effects of woody cover on herbaceous productivity in the research 
site.  
 
Taken as a whole, however, with exception of grass LMS, the obtained data 
on crop products (grains, calyx) and total dry matter production for sorghum 
and roselle compared to those reported in the literature for the study area 
could be regarded as comparatively high. Average data for the last 10 years 
(1990-2000) showed that average farmland production of grains and biomass 
of sorghum was 139 and 931 kg ha-1 and that of calyx and biomass of roselle 
was 36 and 418 kg ha-1 (MOAF, 2001). The fairly large figures obtained in this 
study were because the soils were comparatively high in fertility because they 
had been under plantation for 15 years. Furthermore, this is the fifth season 
of cropping these soils after conversion of the plantation. On the other hand, 
the figures obtained in this study for sorghum were low compared to average 
values (500-700 kg ha-1) reported for other arid drylands (BOSTID, 1996). 
These low yield levels could be attributed to less favorable growth conditions 
for sorghum in terms of soil fertility and rainfall requirements (see Fig.2). 
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Highest yields from sorghum can be obtained only when the hybrid selected is 
adapted to the area and when environmental conditions are favorable during 
all stages of plant development (BOSTID, 1996; Myers and Asher 1981).  
 
Furthermore, productivity in arid ecosystems is often limited by resource 
availability such as low soil water contents, poor nutrients particularly N and 
P and salinity (Moro, et al., 1997; Abrams et al., 1997; Wallace, 1996; Breman 
and Kessler, 1995; Kessler and Breman, 1991). Hence, the stresses imposed on 
plant by these three factors are probably the most important edaphic factors 
affecting plant establishment, growth and reproduction in arid lands (Abrams 
et al., 1997). In this study, all LMS are low-input systems; hence the very low 
nutrient status of soils under these systems in addition to water limitation, are 
the main limiting factors on type of plants that can grow in these sandy soils 
(sand dunes). 
 
The scarcity of water is believed to have an important role in competition 
between woody perennials and herbaceous plants with consequent effects on 
growth and productivity in many drylands (Moro, et al., 1997; Casper and 
Jackson, 1997; Anderson and Sinclair, 1993). Belowground interaction is the 
most important aspect concerning yield reduction in the semi-arid tropics 
where water is the prime factor limiting crop growth (Ong et al., 1991). Water 
availability varies strongly with seasons in the study area and seasonal 
variations with significantly higher SOC, N and P levels under Acacia senegal 
during wet seasons have been reported (El Tahir, et al., 2004). Higher 
availability of soil water can be maintained under trees because of 
interception and redistribution of rainwater within the systems, reduced 
evapotranspiraton and increased infiltration (Breman and Kessler, 1995; 
Wallace, 1996; Kessler and Breman, 1991). Furthermore, Manlay et al., 
(2002) were of the opinion that the productivity of most tropical ecosystems in 
addition to above-mentioned factors is constrained by low soil biological 
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activities as a result of low population of soil biota (fauna and micro-flora). It 
is evident that soil biota is a function of soil OM which is very poor in these 
soils. 
 
Alley cropping and parkland are subsystems of agroforestry, which mixes 
legume trees with annual crops with the main objective of combining the soil 
improving effects of a tree fallow with continuous cropping. In these systems 
where trees and crops can share space and time (simultaneous systems) 
(Young, 1998) both trees and agricultural crops interact in many ways with 
positive, neutral or negative effects on growth, survival, and reproduction of 
both components (Van Noordwijk and Hairiah, 2000).  
 
Interaction between trees and crops in a simultaneous agroforestry system 
can be for light, water, and nutrients. When there is positive interaction there 
is complementarity between the components. For example, crops can benefit 
from trees as a result of increased C, N, P and other nutrients from 
decomposed litter and from nutrients brought from deeper layers by deep 
tree roots (Young, 1997).  In this study this complementarity was clearly 
demonstrated by sorghum and roselle intercropped at low-tree density (LD+S 
and LD+R). However, the positive influence from woody species on soil 
fertility and annual primary production varies with average rainfall and soil 
types (Kessler and Breman, 1991). Conversely, when there are negative 
interactions there is competition between trees and crops. This occurs when 
the trees shade crops and reduce light intensity at crop level. In this study 
these negative effects were clearly shown by sorghum and roselle systems at 
high-tree density (HD+S and HD+R). 
 
5.3 Nutrients Concentrations in Trees, Crop and Grass Components 
Nutrient concentrations of N, P and K in trees leaves, crops products, crop 
residues and grass shoots and roots representing the major inputs and 
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outputs flows used in the analysis were actual values obtained from direct 
measurements and laboratory analysis. The mean mass dry matter of the 
relevant plant component was multiplied by elements concentrations to obtain 
nutrients inputs and outputs flows and hence nutrient balances of the land 
management systems under study. Nutrients concentrations for other 
components such as gum Arabic and tree roots were estimates obtained from 
secondary data. With regard to organic carbon (OC) a generic value of 50% 
was used to calculate OC in all vegetation biomass. 
 
In this study the values of the tree leaf nutrient concentrations, particularly N 
were rather lower when compared to values reported by other workers for 
the same species. For example, Nimer (2000) in the same site but for a 35-
years old plantation reported a range from 4.9% to 6.9%, 2.2% to 3.4%, and 
0.02% to 0.02% for N, K and P, respectively. On the other hand, the values in 
this study were higher than those obtained by Deans et al., (1999) for the same 
species in plantations with age ranging between 3 to 18 years old in Northern 
Senegal.  The values reported by Deans et al., (1999) were 3.4%, 0.9% and 
0.1% for N, K and P, respectively. By and large, the values for N and P 
obtained in this study are within the ranges reported in the literature. For 
example, Geesing et al., (2003) found leaf concentrations of N and P for 
Prosopis species ranged between 2.6% to 3.7% and 0.15% to 0.5%, 
respectively. Montagnini, (2000) reported a range of 4.1% to 1.7% for N, and 
0.12% to 0.23% for P, in different species in humid tropic lowlands. These 
differences could be attributed to sampling techniques, time of sampling and 
growth conditions especially soil fertility.  
 
With regard to crops and grasses, variability in nutrient concentrations in 
different plants parts may arise due to crop types and varieties, stage of 
growth, growth conditions and crop management such as addition of fertilizer 
or manure. Yet, evidence exists for different concentrations of nutrients in 
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intercropped and pure sorghum plants.  Lehmann, et al., (1999) reported that 
foliar N contents of sorghum were higher in the agroforestry combination 
than in monoculture. Van den Bosch et al., (1998) reported concentrations for 
N, P and K in sorghum to be 1.7%, 0.23% and 0.73% in grains and 2.13%, 
0.21% and 1.6% in crop residues, respectively. Sangare et al. (2002) reported 
different nutrient concentrations of N and P in grains of millet (Pennisetum 
glaucum L.) during seasons of low rainfall in semi-arid tropical Sahel in 
Niger. Manlay et al. (2002a) reported averaged carbon content of 0.34% in 
aboveground biomass of maize, millet, rice and groundnut with the lowest 
values mostly found in rice components. Also, the highest N contents were 
measured in AGB and fine roots of groundnut and highest total P contents in 
maize roots. Highest amounts of N and P were found in the biomass of maize, 
and more N was stored in the biomass of groundnut plots than that of millet 
and rice plots. Abdel Bagi, et al. (2002) reported differences in element 
concentrations of K and P in roselle calyces in two different seasons. 
Similarly, nutrients concentrations in herbaceous plants under tree canopies 
are also different (Manlay et al., 2002a; Bernhard-Reversat, 1982). Since the 
availability of N and P in the soil remain almost constant, concurrent 
decreases of their concentrations in the plant is possible (Kessler and Breman, 
1991). Nevertheless, nutrients concentrations for sorghum, roselle and grass 
components obtained in this study are within the range in the literature 
(Kessler and Breman, 1991; BOSTID, 1996; Myers and Asher, 1981; Duke, 
and Atehley, 1984; Abdel Bagi, et al., 2002; Bernhard-Reversat, 1982).  
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5.4 Nutrient Inflow and Outflow Pathways 
5.4.1 Carbon Flows and Pathways 
In this study the main C inputs are those from OM produced from tree roots 
and leaves, crops and grass roots, while outputs are mainly from crop 
products, crop residues, grass shoots and erosion. Organic carbon inflows 
were significantly higher in all intercropped systems irrespective of tree 
density compared to pure crops and pure grass (Fig. 9a). In intercropped 
grass at both tree densities carbon inputs from trees contributed about 90%, 
while grasses roots contributed about 10%. In pure grass almost all C inputs 
100% were from grass roots (121 kg ha-1 yr-1). In intercropped sorghum 
systems about 99% of C inputs were from trees, while 1% was from sorghum 
roots. In pure sorghum almost all C inputs were from roots (7 kg ha-1yr-1). 
For the two intercropped roselle systems about 96% of C inputs were from 
trees and the remaining 4% were from roselle roots, while, in pure roselle, 
almost all C inputs (100%) were from roselle roots (107 kg ha-1yr-1). These 
results indicate that C inflows were considerably high in intercropped systems 
because of high inputs from tree biomass. A striking aspect is the overall 
negligible import of C through plant root systems, especially of pure sorghum 
compared to that of pure roselle and pure grasses. These differences could be 
attributed to the failure of sorghum in the first season (2002). 
 
Generally, mean carbon outputs flows were significantly higher in the three 
sorghum systems, followed by roselle and then grass systems. Since the C 
concentrations are the same for all plant components, the differences in C 
outflows among and within these systems could be ascribed to dissimilarity 
between the amounts of harvest exports; type of crops and parts removed and 
output pathways from the different systems. For example, C outflows were 
highest (2328 kg ha-1yr-1) in pure sorghum compared to all other systems. 
About 75% of this outflow was contributed by stover, 20% by erosion and 5% 
by grains (Fig. 9b). In both intercropped sorghum the contribution to C 
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outputs by stover and grains were 93% and 7%, respectively. In both 
intercropped roselle systems stover, seeds and calyx contributed to C outflows 
by 78% and 22%, respectively. In pure roselle the contribution for C outflows 
were 51%, 18% and 31% by stover, by seeds plus calyx and erosion, 
respectively. Comparatively, mean C outflows were lower in roselle than 
sorghum. This is caused by the low dry matter contents produced by roselle 
compared to that by sorghum. 
 
5.4.2 Nitrogen Flows and Pathway 
In general, the main sources of plant-available N are: mineralization of SOM, 
biological N2-fixation, fertilizers and organic inputs from plant residues, 
compost and manure (Giller et al., 1997; Sanchez and Palm, 1996). Nitrogen 
inputs in this study were mainly from tree leaves and roots litter, grasses and 
crops roots, atmospheric deposition (wet and dry), and nitrogen fixation 
(symbiotic and non-symbiotic). The results showed that nitrogen inflows for 
all systems of sorghum, roselle and grass were not significantly different, but 
within these systems the intercropped systems had higher N inflows compared 
to pure crops and the highest N inputs were in systems with high-tree density. 
This indicates the ameliorative effects of trees on soil fertility and N budget 
(Prinsley and Swift, 1994; Young, 1997; Buresh and Tian, 1998). Hence, the 
higher is the tree density the higher the N inflows. For example, in 
intercropped systems, the trees contributed about 97% of all N inputs to these 
systems with about 87% in the form of tree leaves and roots litter and about 
10% from N-fixation and the remaining 3% was from crop roots. Expectedly, 
N inflows were very low in pure cropping because the main sources of inflows 
were crop roots, atmospheric deposition and non-symbiotic N-fixation. The 
contribution of the above pathways to N budget was insignificant, not only in 
pure crops but also in all intercropped systems. This is mainly due to low 
annual precipitation and low concentrations of this element in rainwater. 
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The results showed that there were significant differences in nitrogen outflows 
among systems. This is explained by dissimilarities between products leaving 
the different systems. Generally, the mean annual N outflows among systems 
were higher in roselle and sorghum systems and lowest in grass systems. This 
is explained by high export of this element in roselle and sorghum yield 
components leaving the systems. From the analysis of nutrient concentrations 
(Table 9) the sum of N concentrations for all roselle yield components 
amounted to 6.1% and that of sorghum amounted to 3.3%, while that of grass 
were 0.72%.  
 
Within roselle systems the highest nitrogen outflows were in intercropped 
roselle, which amounted to 70 kg ha-1yr-1 and 62 kg ha-1yr-1 in roselle at high- 
and low-tree density, respectively. In pure roselle systems about 64% of N 
outflows were transported in stover, 27% in calyx plus seeds, 7% by leaching 
and 2% in gum Arabic. In sorghum the highest N outflows were in pure 
sorghum and sorghum at low-tree density which averaged to about 59 and 54 
kg ha-1yr-1, respectively. In intercropped sorghum about 84% of N outflows 
were transported in stover, 10% in grains, 1% in gum Arabic, and 5% in 
leaching. In pure sorghum about 85% of N outflows were from stover, 11% 
from grains and 4% from leaching. The N outflows due to gum Arabic were 
insignificant in all intercropped systems and contributed about 1%. This 
could partly be due to low concentrations of this element in gum and partly to 
low yields.  
 
5.4.3 Phosphorous Flows and Pathways 
In general, the main sources of plant-available P are those contributed by 
weathering of parent materials, mineralization of SOM, fertilizers and 
organic manure (Buresh and Tian, 1998; Sanchez and Palm, 1996). In this 
study, the main P input pathways included in the analysis were organic 
matter from plant biomass and atmospheric deposition.  
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The results showed that P inflows were significantly different between LMS 
and the highest P inputs were in intercropped systems compared to pure 
crops.  The inputs ranged from 10 to 11 kg ha-1yr-1 in high-tree systems, from 
7 to 9 kg ha-1 in low-tree density systems and from 2 to 3 kg ha-1yr-1 in pure 
crops. The highest P inputs in systems with high-tree density could be 
explained by the higher inputs as a result of large number of trees per ha. 
Within intercropped grass systems at high-tree density P inflows were 11 kg 
ha-1yr-1 about 73% of this were contributed by trees biomass, 9% by grass 
root biomass and the remaining 18% by atmospheric deposition. In grass 
systems at low-tree density P inflow was 9 kg ha-1yr-1, where 65% of these 
come from tree biomass, 11% from grass roots and 22% from atmospheric 
deposition. The high P inflows in the tree-grass systems could be explained by 
the fact that in addition to trees litter, grass roots and residues that remain on 
site may have contributed to higher P inputs, because they decompose faster 
than those of sorghum and roselle. In pure grass systems P inflows were only 
3 kg ha-1yr-1 of these about 33% came from grass roots and the remaining 
67% came from wet and dry deposition.  
 
In intercropped sorghum at high-tree density P inflows were10 kg ha-1yr-1 of 
which trees contributed by about 90% while atmospheric deposition 
contributed by 10%. The P inflow in pure sorghum were 8 kg ha-1yr-1 almost 
all of it 100% came from atmospheric deposition. It is quite evident that the 
contribution of root systems to P inflows was almost negligible. 
 
In roselle systems P inflows were considerably higher in intercropped roselle 
at high-tree density. They amounted to 11 kg ha-1yr-1 of which 82% were from 
tree biomass, 16% from atmospheric deposition and the remaining 2% from 
roselle roots. In roselle systems at low-tree density P inflow was only 7 kg ha-
1yr-1, 71% of this came from trees, 24% from atmospheric deposition and 5% 
 
 
 
 
226 
 
from roselle roots. In pure roselle P inflow was only 2 kg ha-1yr-1 of which 
11% were from roselle roots and the remaining 89% came from atmospheric 
depositions. 
 
Overall, phosphorous inflows were generally low in the study site, which 
could be attributed to the intrinsic low fertility of the soils. All tropical 
drylands soils are low or deficient in phosphorous (Palm, 1995). Moreover, 
the contribution of trees to P inputs in intercropped systems was very meager. 
Buresh and Tian, (1998) reported that many studies have shown that trees 
can not benefit from inorganic soil P. Because, it is unavailable (un-weathered 
or precipitated through Ca, alkaline media or Al in acidic conditions), but 
mycorrihiza helps to dissolve it and make it available to the trees. 
Furthermore, no significant differences were found in available soil P under 
hedgerow intercropping with Leucaena leucocephela as compared to pure 
crop. Moreover, Hagar et al., (1991) reported that a decrease in inorganic P 
under trees was presumably because of sequestrations of P in tree biomass. 
 
There are two main loss pathways for P (Sanchez and Palm, 1997). These are 
crop residues and soil erosion. These two are the most serious loss pathways 
under LMS in the present study. Amongst systems, the highest mean P 
outflows were in three roselle systems which ranged from 25 to 35 kg ha-1yr-1, 
intermediate in sorghum which ranged from 10 to 15 kg ha-1yr-1, and the 
lowest were in grass systems which had similar amounts averaged 2 kg ha-1yr-
1. These differences could be attributed to dissimilarities in P requirements by 
the different crops in each land management systems. In intercropped roselle 
at high-tree density P outflows amounted to 35 kg ha-1yr-1 about 89% of this 
were removed in stover and 11% in the calyx plus seeds. While in roselle at 
low-tree density P outflows amounted to 31 kg ha-1yr-1, about 88% of that was 
removed in stover and the remaining 22% transported in calyx plus seeds. 
Outflows of P in pure roselle were only 25 kg ha-1 about 76% transported in 
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stover, 12% in calyx and seed and 12% by soil erosion. Phosphorous outflows 
in sorghum systems were higher in pure sorghum, which averaged 15 kg ha-
1yr-1, of these about 73% were transported in stover, 7% in grains and 20% in 
erosion. In intercropped sorghum at both tree densities about 93% of P 
outflows were transported in stover and only 7% in grains. 
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5.4.4 Potassium Flows and Pathways 
The results showed that significant differences exist in K inflows between and 
within studied LMS. Overall, the highest K inflows were in intercropped 
systems and the lowest in pure cropping. Furthermore, systems at high-tree 
density had the highest K inflows.  
 
The major sources of K inputs in the studied systems include OM from trees, 
grass and crop roots, and atmospheric deposition. Since all systems had 
received the same amount of K inputs from wet and dry deposition, the 
differences in K inflows could be attributed to the other sources mentioned 
above. In grass systems at high-tree density the amount of K inflow was 90 kg 
ha-1yr-1, about 70% of these came from tree biomass, 11% from grass roots 
and 19% from atmospheric deposition. In grass system at low-tree density 
only 72 kg ha-1yr-1 entered the systems, of which about 67% from trees, 11% 
from grass roots and 22% from atmospheric deposition. 
 
In intercropped roselle at high-tree density K inflows were 91 kg ha-1yr-1, of 
which 77% were from trees, 19% from atmospheric deposition and 4% from 
roselle roots. Potassium inflow in roselle at low-tree density amounted to 59 
kg ha-1yr-1 of which 66% were from trees, 29% from atmospheric deposition 
and 5% from roselle roots. In pure roselle K inflows were only 20 kg ha-1yr-1, 
which mainly came from atmospheric deposition (84%) and roots systems 
(16%). Potassium inflows in sorghum systems were the lowest compared to 
the other two systems. In intercropped sorghum at high-tree density K inflow 
was 83 kg ha-1yr-1, 80% of these came from trees and the remaining 20% 
came from atmospheric deposition. While in sorghum at low-tree density K 
inflow was 62 kg ha-1yr-1, of which 55% were from trees and 45% from 
atmospheric deposition. In pure sorghum K inflow was 17 kg ha-1yr-1; almost 
98% came from atmospheric deposition and only 2% from crop roots.  
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The major sources of K outflows in this study were mainly from crop 
products, crop residues, leaching and erosion. The results showed that among 
systems K outflows were significantly higher in roselle systems compared with 
sorghum and grass systems. In intercropped roselle at both tree densities K 
outflows were higher compared to intercropped sorghum. This could be 
attributed to the high concentrations of this element in yield components of 
this crop (9.8%)) compared to those of sorghum (1.8%) and grass (1.5%) 
(Table 9). Also K outflows were considerably higher in pure sorghum and 
intercropped sorghum at low-tree density compared to intercropped sorghum 
at high-tree density. This could be explained by the greater biomass 
production in the two former systems (Table 8). 
 
Taken as a whole, the results showed that the majority of nutrients inputs and 
outputs pathways in the different LMS are tied to tree biomass, crop and 
grass products and residues, or a combination of them. It was quite evident 
that gum yield had insignificant contribution to outflows of both N and K in 
intercropped systems, because of very low concentrations of these elements in 
gum. The concentrations of N and K were 0.36% and 0.038%, respectively 
(Table 9). Furthermore, the contribution of crop root, wet and dry deposition 
to nutrients flows was also insignificant. Hence, resource accumulation under 
intercropped systems in such extreme environment by and large depends on 
tree density, type of crops as well as management protocol such as removal of 
whole or parts of the crop residues. Evidence from the literature showed that 
the high fertility of soil under perennial trees and shrubs is known as “Islands 
of fertility” (Wezil, 2000; Abrams, et al., 1990; Belsky, et al., 1989; Virginia 
and Jarrel, 1983). The existence of such resource accumulation is an indicator 
of the balance between the resource inputs and outputs from an 
agroecosystems viewpoint (Abram, 1990). 
 
 
 
 
 
 
230 
 
 
 
 
 
 
231 
 
5.5 Soil Nutrient Balances 
The nutrient balances discussed in this section are the average or “most 
probable” balances which were calculated from data obtained from direct 
field measurements and estimates based on the average local conditions of the 
research site.  
 
5.5.1 Soil Nutrient Balances as Affected by Land Management Systems 
On the whole, the results showed that after three cropping seasons average 
balances for the studied nutrients were variable among and between the LMS 
under investigations. In most cases, however, these variabilities were to a 
greater extent influenced by systems characteristics and the type of inputs 
entering and outputs leaving each system. Between systems, average balances 
were negative in pure sorghum and pure roselle for all nutrients under study. 
Similar results were reported by Krogh, (1996) for millet fields in Northern 
Burkina Faso and by Wortmann and Kaizzi, (1998) in Bukoba District in 
Tanzania, and for small-scale farms in the highlands of southwestern Uganda 
(Bekunda and Manzi, 2003). 
 
In this study the negative balances in pure crops is confirmed by the low levels 
of all nutrients in the topsoil (0 to 0.3m) under these systems in the baseline 
samples (Table 5). It also indicates that the inputs flows entering these 
systems are far less than the outputs that leaving them. This was confirmed by 
the fact that the pure sources of nutrient inputs to pure crops systems are 
from belowground biomass, atmospheric depositions and non-symbiotic N-
fixation. As has been mentioned earlier the contributions from all these 
sources are insignificant in comparison to outflows in terms of crop products, 
crop residues and soil erosion. Moreover, several studies have confirmed the 
fragility of the sandy soil of the study area and how it deteriorates quickly 
when put under continuous cultivation of pure cropping (Ardö and Olsson, 
2003;). The ‘Goz’ soils are highly susceptible to erosion by wind and water; 
 
 
 
 
232 
 
hence desertification and land degradation in the area is severe (Olsson and 
Rapp, 1991; Olsson, 1993). Continuous cultivation of these soils has resulted 
in a sharp drop in fertility and decline productivity (Ardö and Olsson, 2003; 
Olsson, 1993; Jamal and Huntsingen, 1993). This is mainly attributed to 
shortening of fallow periods due to an increasing demand for food as 
consequences of growing population (Olsson, 1985a and 1993; Khogali, 1991). 
 
5.5.1.1 Carbon Balances 
The results showed that C balances were negative in pure sorghum and pure 
roselle, while positive in all intercropped systems and the highest positive 
balances were in high-tree density. Generally, there are a large body of 
literature which emphasizes the fact that decline in crop yields under 
continuous cultivation has been attributed to many factors of which loss of 
SOM is of significant importance (Post and Kwon, 2000; Stewart and 
Robinson, 1996; Lal, 1990). Much of the loss of SOC under pure cropping 
cultivation can be attributed to reduced inputs of organic matter (OM), 
increased decomposability of crop residues and tillage effects that reduce the 
amount of physical protection to decomposition (Post and Kwon, 2000). 
Furthermore, successive cultivation had been reported to result in rapid 
deterioration of biological, chemical and physical properties of the soils 
(Masse et al., 2004; Juo et al., 1995). In addition, continuous cropping of soil 
types such as Alfisols, Ultisols and Oxisols in the tropics has resulted in a 
rapid decline in soil OM in the surface soil during the first years following 
land clearing (Lal, 1990). 
 
Hence, continuous cultivation of such highly poor sandy soils like the ones of 
the study site commonly induces multiple nutrient deficiencies, and nutrient 
balances are generally expected to be negative (Stewart and Robinson, 1996). 
Ardö and Olsson (2004) assessed the effects of continuous cultivation and 
fallow periods in low input subsistence agroecosystems on SOC in the semi-
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arid sandy soils in North Kordofan. They reported that there is a significant 
(r2=0.40, P≤ 0.02) negative relationship between cultivation intensity and SOC 
content in the upper 0.2 m indicating increasing SOC during periods of fallow 
and a decreasing SOC during cultivation. They concluded that continuous 
intense cultivation could decrease the currently low SOC levels even further. 
Furthermore, there is a low SOC increase during the fallow period and a 
faster SOC decrease during cultivation. They found that cropland and grass 
fallow decrease SOC by 9.4 and 8.4 kg ha-1yr-1, while savanna (trees with 
grass) increases SOC by 7.5 kg ha-1 yr-1. 
 
In contrast to pure cropping, in this study all intercropped land management 
systems showed positive C balances and the highest positive balances were in 
intercropped grass systems. This could mainly be attributed to the high 
amounts of OM inputs from trees and grass roots and indeed to low outputs 
leaving these systems in the for of grass aboveground biomass. Furthermore, 
in systems with pure grasses the comparatively low negative C balances could 
be attributed to low dry matter production. Grass-fallow as such dose not 
restores soil structure, biological activity or nutrient status (Kassam, et al, 
1991). This is mainly because most commonly, a short fallow of weedy annual 
species leaves the soil bare and liable to erosion in the dry season. Moreover, 
the effectiveness of OM as a source of nutrients depends to a large extend on 
their quality and decomposition condition (Khanna, 1998; Brady, 1990). In 
this study, grass is a poor organic store of nutrients compared to tree biomass 
store (Kassam, et al, 1991). Hence, the amount of biomass produced and its 
nutrients contents are very essential component for the sustainability of 
extensive agro-ecosystems in the tropics (Lal, 2001; Young, 2000). 
 
5.5.1.2 Nitrogen Balances 
Nitrogen balances were negative in pure sorghum and pure roselle. This 
confirms similar results from the West African Sahel where Buerkert and 
 
 
 
 
234 
 
Hiernaux (1998) found negative nutrients balances particularly of N on acid 
sandy soils. Conversely N balances were positive in all intercropped sorghum 
and roselle systems. But the magnitude of balances of this element was low in 
systems with low-tree density compared to those with high-tree density. 
Generally, the positive N balances in intercropped systems in this study could 
be attributed to three main causes. First, most probably could be attributed to 
the higher amount of OM and rate of decomposition under high-tree density. 
Indeed, the amount of biomass accumulated in 334-tree ha-1 is much greater 
than that in 226-tree ha-1. Consequently, the N import into all intercropped 
systems were higher than N exports giving a positive N balances or surpluses. 
The decomposition of the higher inputs of mulch in the presence of the trees 
released large quantities of nitrogen, leading to higher rates of nitrogen 
mineralization in the soil. The increased rates of nitrogen mineralization with 
the trees were due to a build up in the readily mineralizable soil organic 
matter over a number of years (Mobbs and Cannell, 1995). Secondly, in this 
study the positive N balances in all intercropped systems might have been due 
to overestimation of biological N-fixation because the amounts from this 
pathway are estimates based on the literature, which could be less or nil in the 
study site because of dryness of the area and to severe P deficiency as both 
factors can seriously limit N-fixation (Kessler and Breman, 1991). Thirdly, the 
N balances under intercropped systems could be less or in extreme cases 
negative because two most important pathway losses were not considered in 
this study. These are volatilization and gaseous losses that may reduce the N 
inputs from the intercropped systems. Nevertheless, in this study N surpluses 
exceed those of agricultural lands by 40 kg N ha-1, which are considered to be 
acceptable for agricultural production in most countries (Sanchez, 2002; 
Sanchez and Palm, 1996). 
 
5.5.1.3 Phosphorous Balances 
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Regarding P balances, intercropped sorghum showed neutral P balances at 
high tree density and negative at low tree density. While, intercropped roselle 
showed negative P balances of similar amounts (-24 kg ha-1) at both tree 
densities. The negative P balance under roselle relative to sorghum could be 
due to high P uptake by roselle where P was reported to be a basic constituent 
in all roselle chemical composition. Abdel Bagi et al., (2002) reported that P is 
accumulated in roselle calyces and significantly increases their citric acid, 
protein, anthocyanin and oxalate and also increases oil contents in the seeds of 
this plant. In this study, P concentrations in calyx and seeds of roselle were 
higher than those in sorghum grains. Moreover, as mentioned previously, 
negative P balances could be due to the low soil P contents of the study site, 
which is a typical semi-arid drylands? Furthermore, negative P balances in 
intercropped systems could possibly be due to sequestration of the element in 
tree biomass (Hagar et al., 1991).  
 
Generally, in the drylands soil P is not sufficient to meet the requirements of 
sustained crop production, because P is not biologically fixed from air and the 
P contents of plant residues and manure are normally insufficient (Palm, 
1995). Also P availability is affected by soil pH and presence of Al (acidic) and 
Ca (alkaline), which leads to its precipitation; accordingly become unavailable 
for plant absorption. For this reason, sustainable crop production in many 
soils of sub-Saharan Africa (SSA) requires P inputs because the soils are 
either derived from parent materials with low level of P or have been depleted 
of plant-available P through continuous cropping with insufficient addition of 
external P input (Buresh et al., 1997; Sanchez et al., 1997a). In general, a 
reduction in labile P has been closely associated with soil organic matter 
losses. Mills and Fey (2003) reported that a 30% was lost as a result of 
cultivation. Phosphorous is often the critical nutrient in agroforestry and 
other low external-input systems (Sanchez and Palm, 1997). In agroforestry 
systems trees cannot supply most of the required P for crops (Sanchez and 
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Palm, 1997; Palm, 1995). Sanchez and Palm (1997) reported that mulches and 
green manure from leguminous plants applied at the rate of 4 tones per 
hectare provide 8 to 12 kg P per ha and this amount is about half of the P 
requirements of maize crop yielding 4000 kg of grains per ha. Hence, external 
sources of P from organic manure and inorganic fertilizers are required to 
equilibrate the balances (Buresh and Tian, 1998; Sanchez and Palm, 1997). 
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5.5.1.4 Potassium Balances 
The results showed that potassium balances were positive in both roselle and 
sorghum at high tree-density, but sorghum had higher (30 kg ha-1 yr-1) 
positive values than roselle (3 kg ha-1 yr-1). While, both crops had negative K 
balances at low-tree density with the highest negative balances in roselle (-21 
kg ha-1 yr-1) compared with sorghum (-1 kg ha-1 yr-1). These differences could 
be ascribed to differential uptake of the element by the two crops. 
Furthermore, it may be due to high K concentrations in the harvested yield 
components of roselle. It is evident from the results that total biomass 
production of sorghum was higher than that of roselle but the sum of K 
concentrations in calyx, seeds and stover of roselle was substantially higher 
(9.6%) compared to that of sorghum grains and stover (1.8%).  
 
5.5.2 Nutrient Balances as Affected by Cropping Seasons 
In this study, soil nutrient balances were calculated to determine the impacts 
of cropping seasons on soil fertility. Nutrients balances for the studied 
nutrients showed significant variability during the three cropping seasons. 
With exception of N the average balances for C, P and K were negative in the 
second season. In the third season balances were positive for C, negative for P 
and neutral for K. The negative balances of C, P and K in the second season 
indicates higher harvest exports (outflows) of these three elements, where 
crop yields and biomass production were considerably higher compared to 
the other two cropping seasons. In additions, other reasons may include: 
increased erosion, leaching coupled with low amount of OM returned to the 
systems. Generally, the average positive balances of all nutrients in the first 
seasons can be explained by the low or even very low crop yields produced in 
all LMS and consequently to the low removal of nutrients with the harvested 
crop products with exception of nitrogen.  
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Nutrient budget is a net balance between incoming flows and outgoing flows 
of nutrients in farm. This is affected by complex interaction of factors such as 
nutrient management practices, regeneration and protection of soils and 
nutrients, livestock integration, soil and water conservation, agricultural 
policies and marketing structures (de Jager et al, 2001). Generally, in this 
study productivity differs considerably among and between LMS due to the 
type of crops (sorghum, roselle and grasses), tree densities and cropping 
seasons. In this context it is interesting to note that the nutrients removed per 
unit of yield are practically not the same in all LMS, which proves that there 
is a very close relationship between the crop yield and the amount of nutrients 
at the disposal of the crop in question. This in turn depends considerably on 
type of crops, cropping seasons and managements of crop residues. This is 
strongly supported by the highly significant interactions between LMS and 
cropping seasons. For example, average balances for all nutrients under study 
were negative in the first season under pure sorghum and pure roselle. 
During this season the rainfall was very little and crop yields of sorghum were 
nil and that of roselle were very low. However under the same systems highest 
negative balances were in the second season when rainfall was sufficient for 
high crop yields. Furthermore, the apparent differences between pure crops 
and intercropped systems could indicate that further growth and productivity 
of crops depends considerably on the increased consumption inputs available 
within the particular systems and could only be achieved with sufficient soil 
moisture. Overall, the negative nutrient balances during the second season 
could be attributed to the high availability of soil moisture that facilitated 
high nutrient uptake by the crops and the reverse was true for first season. 
Generally, however, both net primary production (NPP) and decomposition 
rate of plant residues in semi-arid areas increase with water availability 
(Scholes and Hall, 1996). 
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Sorghum and roselle are most important form of land use in the traditional 
farming systems in the study area. Sorghum is the common subsistence crop 
after millet, while karkadeh is the most common cash crop after groundnut. 
Both crops showed considerable variations in yields among farms and 
seasons. The high risk of crop failure due to low and erratic rainfall is 
illustrated by the complete failure of sorghum yields and very low roselle yield 
in the first season. In the study area both crops are cultivated without 
application of any fertilizers, manure or any other sources of external inputs. 
Hence, this very poor type of soil fertility management would certainly result 
in low yields, negative nutrient balances and of course very low financial gains 
to the farmers. Furthermore, continuous cultivating will deplete soils 
nutrients, which lead to unsustainable production. 
 
5.5.3 Nutrient Balances Related to Nutrient Stocks 
The importance of solid data on soil property changes in relation to land use 
changes is emphasized in review of several case studies on soil fertility decline 
in the tropics (Hartemink, 2001). Since nutrient balance is a land quality 
indicator that describes the rate at which soil fertility changes under land 
management, nutrient balances should be assessed in relation to the stocks of 
available nutrients to gain insight in the nutrient gains and/or losses to 
determine the sustainability of the systems (Defoer, et al., 2000; Stoorvogel, 
1991). Furthermore, it should also be linked to the growth-limitation by a 
particular nutrient (Van der Bosch et al., 1998). This will allow judicious 
manipulation of the flows to either reduce nutrient losses or increase nutrient 
gains (Defoer, et al., 2000; Van der Bosch et al., 1998; Sanchez and Palm, 
1990). Hence, the nutrient stocks used in this study are those of readily 
available forms (mineralization), because for the short-term of the study, 
while the effects of those not readily available such as those from weathering 
were only taken into account in long-term studies (Stoorvogel, 1991). 
Mineralization is a quicker means in releasing nutrients than weathering and 
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can release virtually all the nutrients contained in the OM in a season or less, 
which is the case in the study site. Meanwhile, weathering of most minerals 
(except carbonates) is slower and releases little amounts of nutrients, 
particularly in conditions similar to study site. 
 
As expected from previous studies (Ardö and Olsson, 2004; Ardö and Olsson, 
2003; Guo and Gifford, 2002; Wick, et al., 2000), the conversion of the natural 
vegetation for agricultural production or for establishment of plantation can 
result in significantly lower total C and other nutrients. Furthermore, 
converting natural vegetation into cultivated land generally decrease SOM 
contents because of the deficit of carbon input and an accelerated 
decomposition of plant residues due to better edaphic conditions (Schlesinger 
and Andrews, 2000). Ardö and Olsson (2003) reported that during intense 
cultivation, without fertilization or add-on of organic matter, this decrease 
might be fast. 
 
Results of this study showed that changes in C stocks due to LMS systems 
within 0.3 m soil depth (Table 16) revealed that various rates of C losses were 
observed between and within systems.  Generally, the topsoil (0.3 m) SOC 
under pure crop management systems is a depleting which is a sign of 
degradation. The baseline C stocks declined severely under continuous 
cultivation of pure sorghum and pure roselle and slightly in pure grass 
systems. C losses were -49%, -27% and -6% of the total C stocks in pure 
sorghum, pure roselle and pure grass, suggesting that C stocks were 
depleting. Conversely, in all tree-based systems there were C gains to soil C 
stocks, but significant differences exist between high-tree and low-tree 
density. The accumulations of C were higher in systems at high-tree density 
compared to those at low-tree density. 
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Thus, the rates of SOC decline observed in pure crop systems were within the 
ranges reported in the literature. Guo and Gifford (2002), who did a meta-
analysis covering 74 publications studying the conversion of forest or 
plantations to cropland, found an average decline of soil carbon of 40-50% at 
(0.0-0.6 m) soil depth. Tiessen et al. (1998), reported an average 40% decrease 
in soil C levels during the first 3-5 years of cropping for sandy soils in Senegal 
and Solomon et al., (2002) reported a 56% reduction of the C contents in 
chromic luvisols in semi-arid northern Tanzania. Poussart (2002) mentioned 
that cultivation in semi-arid savannas could result in a decrease of soil carbon 
by as 40% in the first 3-5 years for sandy soils. Mills and Fey (2003) reported 
a 50% decline in C after only 3.5 years of cultivation in the Free State, South 
Africa. 
 
However, in this study the rate of C decline as a result of land use change may 
appear somewhat smaller than values reported by Ardö and Olsson, (2003) 
and Elberling et al., (2003). Using GIS and the CENTURY model in Ardö and 
Olsson (2003) found 73% reduction of C stocks for 10 croplands sites after 37 
years of continuous cultivation in similar sandy soils in semi-arid north 
Kordofan. Studying changes in soil organic matter following groundnut-millet 
cropping at three locations in Semi-arid Senegal, Elberling et al. (2003) 
reported that losses of SOC from a wide variety of soils under cultivation are 
in the range of 20 to 70% of the SOC originally present. They further added 
the most of these losses occur within the first 20 years after cultivation, with 
maximum losses obtained in tropical regions.  
 
In this study two main reasons can be stated as the main contributors to the 
high losses in C contents relative to soil C stocks. These are: - 
1. The high loss from soil is a result of crop harvest and absence of 
external inputs. Post and Kwon (2000) stated that much of the loss of 
SOC through cultivation can be attributed to: i) reduced inputs of 
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(OM) or lack of litter fall as crops are removed out of the systems, ii) 
increased decomposition rate of crops residues and tillage effects that 
reduce the amount of physical protection to decomposing, and iii) 
carbon is also lost through respiration and decomposition. 
2. Most probably the high losses of C could be attributed to the high 
estimates of 50% (Grunzweig et al., 2003) of C contents in the above- 
and belowground biomass of crops and grasses used in this study to 
calculate carbon balances. Manlay et al. (2002c) reported averaged 
carbon content of 0.34% in aboveground biomass of maize, millet, rice 
and groundnut with the lowest values mostly found in rice components. 
 
The results also showed a substantial decline of soil C stocks during the 
second season. This could be attributed to higher crop yields and subsequent 
removal of harvest since crop production entails removal of plant materials 
and hence nutrients from the landscape. According to Manlay et al., (2004) a 
fundamental feature of carbon dynamics in tropical farming systems is highly 
seasonal pattern. Production of plant biomass occurs mainly during the wet 
season, even in perennial vegetation, leading to peak storage of OM at the end 
of the rains and plant productivity remains very low in subsequent months.  
 
With regard to N balances the results showed that there were annual net 
losses in pure sorghum and pure karkadeh, while there were gains in all grass 
systems and intercropped sorghum and roselle systems. But within 
intercropped systems the magnitude of gains differs with different systems 
based on original soil stocks, inputs and outputs pathways. The decline in N 
contents relative to nutrient stocks in pure sorghum and pure roselle was 
discernible compared with intercropped systems. These results agree with 
most other results from low-input subsistence farming systems in the Sahel 
(Pieri, 1991; Krogh, 1995; 1997; Van den Bosch, et al., 1998). Hence, in this 
study pure cropping is more depleting to soil N than intercropping. However, 
 
 
 
 
243 
 
for this reason continuous cultivation requires continuous replenishment of 
soil nutrients (Young, 2001, Lal, 2001). 
 
In intercropped systems, the small N gains could be due to the beneficial 
effects of tree components on the soil chemical properties (Buresh and Tian, 
1998; Shephered, et al., 1996). In these systems the old organic N pool is 
depleted during each period of cropping, but the trees maintain and add to 
this pool in the following two ways (Mobbs and Cannell, 1995). First, the trees 
maintain a closed cycle. They produce more litter (fresh organic N) than 
crops, some of which goes into the old organic pool, the remainder is 
mineralized "fast", adding to the inorganic N pool and then being taken up by 
the trees again. Secondly, it is well known that the nutrient requirements of a 
tree are higher when it is young and deceases when it gets older. On the other 
hand, old trees are often subjected to many stresses and their physiological 
activities are lowered in great deal. Above and beyond the trees in this study 
were assumed to fix atmospheric N2 at about 10 to 20 kg N ha-1 years-1. 
Furthermore, losses of N from soil surface may be in part compensated by 
gains in N in the sub-soil or at very profound soil depths by root decay and 
exudates. Deans, et al. (1999) reported greater nitrate concentrations at about 
30 m depths in sandy soil in Senegal. 
 
Among systems, the results showed that net losses of P relative to soil stocks 
were substantially higher in all roselle systems, but were significantly more in 
intercropped roselle at high-tree density, followed by pure roselle and then 
roselle at low-tree density. For sorghum systems, losses of P were higher in 
sorghum at low-tree density and pure sorghum, while neutral for sorghum at 
high-tree density. For K losses were higher in intercropped sorghum at low-
tree density and pure sorghum while sorghum at high-tree density had 
accumulation of K. cropping than in intercropped systems. The losses of P 
and K in the two crops could be explained by the high removal of the two 
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nutrients in crop components, which was not offset by all inputs flows 
entering the systems. Unless these nutrients are retained to the soil nutrient 
mining is inevitable whereby soil fertility is depleted overtime (Van der Pol, 
1992) 
 
Overall, the results showed that pure cropping of sorghum and roselle are the 
most destructive cropping systems for all nutrients under study. On the other 
hands sorghum and roselle at low tree-density are most destructive cropping 
systems for both P and K. In contrast to this, the tree-grass systems were least 
destructive to all nutrients but there was increase in P levels at high-tree 
density and neutral P at low-tree density. Intercropped sorghum and roselle 
at high-tree density (HD+S) and HD+R) on the one hand and pure grass (PG) 
on the other tend to fall between pure cropping and tree-grass systems at both 
density (HD+G and LD+G) on the basis of all nutrient losses. Fallow as such 
(pure grass) was less destructive than continuous pure cropping, but when 
used with trees was less destructive than all intercropped systems with both 
sorghum and roselle. This is a very significant fact because of the important 
place that tree-fallow should occupy under north Kordofan conditions, 
because this is the traditional bush-fallow system, which is at present 
practiced by farmers. These systems, however, resemble the old traditional 
bush-fallow systems practiced by farmers in the study area, hence if no 
further losses had occurred, these systems would qualify as sustainable with 
respect to soil fertility restoration. So modern exploitation and introduction of 
new technologies for farming these drylands (and other of course) do not have 
to by pass or ignore the traditional practices and the farmer experiences. 
 
As stated by Mills and Fey (2003) the effects of crop production on nutrient 
status are thus highly varied and are function of soil type, crop type and 
management. Generally, the so-called nutrient mining (Van der Pol, 1992) is 
the result of unsustainable land use systems that do not conserve nutrients. 
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Increased erosion, leaching, harvest exports are some of the major pathway 
losses. The extent of the nutrients depletion in the study site was definitely 
associated with LMS used, the original soil nutrient stocks and cropping 
seasons. On the whole, in this study crop products and crop residues to a 
greater extent possibly determine the nutrients balance for all systems under 
study especially for P, K and N. Inputs of organic materials play a central role 
in the productivity of many tropical-farming systems by providing nutrients 
through decomposition and substrate for synthesis of soil organic matter 
SOM (Palm et al., 2001). The organic inputs in many tropical farming systems 
such as crop residues, manures, and natural fallows are currently of low 
quality and insufficient quantity to maintain soil fertility hence there is need 
to find alternative or supplementary sources of nutrients. Ensuring 
sustainable agriculture in semiarid Africa requires the implementation of 
methods to balance nutrients and to conserve soil organic matter (SOM) 
(Ganry, et al, 2001). 
 
5.6 Sensitivity Analysis (Optimistic and Pessimistic balances) 
Sensitivity analysis is a means of testing the response of the balance model in 
respect to changes in key parameters. In this study attempts were made to test 
which factors of the nutrient balances from the LMS are sensitive. The 
parameters tested here were inputs and outputs. The effects of these on 
nutrient balances per ha per year are summarized in Table 17 and Table 18. 
 
The results showed that pure sorghum and pure roselle compared to 
intercropping had negative optimistic and pessimistic balances for all 
nutrients under study over the three cropping seasons. This result agrees with 
most other results from low-inputs subsistence farming systems in Sub-
Saharan Africa (Ardö and Olsson, 2003; Sanchez, 2002; Defoer and 
Budelman, 2000; Scoones, 2001; Krogh, 1997; 1995; Smaling, 1993; Van der 
Pol, 1992; Pieri, 1992). The negative balances in these systems could be 
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attributed to high amount of outputs leaving these systems in the form of crop 
harvest, leaching, erosion and to the very low or negligible inputs entering the 
systems from crop root turnover and atmospheric deposition. These negative 
balances suggest that these LMS are not sustainable even with low 
productivity. Moreover, the levels of imports were less to compensate 
nutrients exports. Hence, the nutrient balance in these systems is sensitive to 
crop yields as well as to the amount of biomass leaving the systems. Overall, 
pure cropping of both sorghum and roselle tend to deplete all soil nutrients. 
Hence, under these lands management systems, options for nutrient 
application from outside the systems must be taken into consideration such as 
incorporation of crop residues and animal manures and chemical fertilizers 
(Van den Bosch, 1998, Young, 2002). 
 
From nutrient management stand points, differences in optimistic and 
pessimistic balances between intercropping at high- and at low-tree density 
emphasize the facts that nutrients in the organic matter from trees are 
important components on the input side, while crop products and residues are 
the main components on the output side. Another difference was that in 
intercropped systems the nutrients pathways and their potential contribution 
to soil nutrients stocks are significantly different from pure cropping. Thus, 
tree components have significant impacts on soil nutrient balances of 
intercropped systems (Shephered, et al., 1996).  
5.7 Implications for management of A. senegal on drylands semi-arid areas of North 
Kordofan 
In arable farming, in general, nutrients will be exported in crop and livestock 
products and there will be a need to balance outputs with inputs in order to 
maintain the nutrient resource capital of the farm (Sanchez and Palm, 1995). 
More important in these systems, nutrient balance need to be positive to 
compensate for unavoidable losses to the environment, but should be added in 
rational amounts possible to minimize emissions or unnecessary accumulation 
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of nutrients in the soil (Gruhn, et al., 2000). Positive nutrient balance in the 
soil occurs when nutrient inputs to the soil are greater than the nutrients 
removed from the soil and the reverse is true for negative balance (Sanchez 
and Palm, 1995, Khanna, 1997). Positive balances could indicate that farming 
systems are inefficient and in the extreme they may be polluting the 
environment while, negative balances could well indicate that soils are being 
depleted and that farming systems are not sustainable over the long term 
(Gruhn et al., 1998). In this case nutrients have to be replenished to maintain 
agricultural output and soil fertility into the future (Sanchez et al., 1997). 
 
The sustainability of rain fed traditional farming systems on the sandy soils in 
North Kordofan, western Sudan, is a concern for the welfare of the 
population in this very poor area of the country. Poor soil fertility, erratic and 
fluctuating rainfall and absence of external inputs are seen as major causes of 
these problems. In this context, nutrient balance analyses are seen as a 
powerful tool for the assessment of critical components of the sustainability of 
these land-use systems. However, such tools are challenged by the complexity 
of these systems. This complexity arises from spatio-temporal biophysical, 
socio-economic and institutional variability at different spatial scales and with 
different stakeholders being involved (Roy et al., 2003; Scoones and Toulmin, 
1998). In the study area, in general, soil management practices are 
fundamentally different across land use types with different niches receiving 
different levels of attention and management care, and generating diverse 
patterns of fertility. Soil fertility is being maintained, and even increased, in 
farm components such as the Acacia senegal grass fallow. However, the 
magnitude of soil fertility maintenance was different with the level of tree 
density. 
 
The study showed that low fertility of soils in the study sites particularly after 
tree clearances dose not permit good conditions for permanent cultivation. 
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Beside the only element that can be critical in this type of soil is SOM because 
it is the most important component in the sustainability of agricultural 
systems. Hence, management should therefore be directed towards 
maintaining soil OM stocks. Since in these parts of the country both food 
security and rehabilitation of degraded lands are of significant concerns to 
both local populace and policy makers, the integration of trees farming 
systems is increasingly being recognized as a possible solution to some of these 
problems. Agroforestry can play a vital role in reconciling two conflicting 
goals, i.e. the need to produce food crops and the sensible management of 
forest and land resources (El Tahir, 1987). Thus, the potential for increasing 
and sustaining food crops production in these semi-arid areas is limited, and 
depend upon successful integration of crop, trees and livestock production on 
the same land management system (Vosti and Scherr, 1994; Manu et al., 
1991). 
 
Land degradation, particularly in the dry lands of the world is forcing the 
international community to search for alternative, sustainable production 
systems. Sustainable system is one, which allows for the long-term 
maintenance of the productive capacity, the viability and quality of life, and 
conservation of the environment and resource base (Young, 2000; UNCED, 
1992). Sustainable management of soil resources implies maintaining high 
productivity per unit area on a continuous basis, enhancement of soil quality, 
and improvement in environmental characteristics (Young, 2000). Land-use 
systems based on fertility-mining practices of low input are usually 
unsustainable (Young, 2000). As it is evident from this study that agroforestry 
systems are sustainable from nutrients perspective, while permanent 
cultivation of either sorghum or roselle cannot be continued without 
application of external inputs and management of soil organic matter. This 
conclusion supports that made by Ardö and Olsson (2003) who stated that 
there is likeliness that the semi-arid ecosystems of the Sudan will continue to 
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be overexploited, mismanaged and degraded during this century due to 
increased demands for food, fuel, and fiber. However, opportunities exist to 
reduce this degradation by increasing SOM through judicious land 
management by making better use of the many UN conventions on Climate 
Change, and Desertification Control. Many studies indicated that improved 
land management practices could lead to an increase of carbon sequestration 
in soils (Lal, 2001; 2002; Olsson et al., 2001; Olsson et al., 2002; Ardö and 
Olsson, 2004). Lal (2002) described four mechanisms for better management 
of SOC in the drylands. These are: 1) better protection of current C stocks, 2) 
restoration of degraded ecosystems by allowing long intervals for bush-fallow 
periods to restore soil fertility, 3) establishment of tree plantations, and 4) 
agricultural intensification. 
 
The declining levels of SOM is of paramount importance not only because of 
its effects on the chemical aspects of the soil related to plant nutrients, but 
also because of its relation to physical features of the soil. SOM holds and 
releases plant nutrients, increases cation exchange capacity (CEC), maintains 
a neutral soil pH, increases absorption of solar energy, improves water 
holding capacity, forms and stabilizes soil aggregates, and improves soil 
properties, reduces risks of compaction, reduces run-off events, protects soils 
from erosion and leaching and increases biodiversity by supplying energy and 
nutrition for microorganisms (Lal, 2001; Robert, 2001; Batjes, 1999; Pieri, 
1992). Therefore, in the study area, SOM plays an essential role in combating 
land degradation and desertification and it is also vital for sustainable land 
productivity. Due to the importance of SOM, it is possible to stress that soil 
SOC could be of great concern to sustainable plant productivity in the study 
site. 
 
The effects of land use change on soil carbon stocks and related nutrients in 
the drylands are of greater concerns at both local and global contexts (Manaly 
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et al., 2002c). From the local viewpoint, the sustainability of farming systems 
in this region relies to a large extent on the integration of tree-crop and 
fallowing practices as a way to cycle organic matter (OM) and replenish soil 
fertility. From the global view point, in drylands regions the farming systems 
can act as a source or sink of atmospheric carbon, hence proper land 
management practice, through more trees on farms would have great impact 
on green house gas emissions mitigation (Ardö and Olsson, 2003; 2004). 
 
The present attempts to quantify carbon and nutrient allocation in the plant-
soil component related to patterns of soil fertility management in Acacia 
senegal-based systems relative to pure cropping and grass fallow, suggests 
that there is some opportunities for farmers to put some effort to control and 
improve the carbon and nutrient balance in their farms. Obviously, these 
opportunities are closely related to the available land tenure and ownership 
rights. They are also closely related to the perceptions of farmers on how trees 
can benefit crop fields and protect the environment. The land ownership in 
the study area in particular and Kordofan in general, is the major local 
determinant of wealth and a fundamental criterion in dictating land 
management level. Under the traditional old bush-fallow system when there 
was plenty of land, farmers often divide their field into three portions. One ¼ 
of the land is put under field crops, another ¼ under young trees and a ½ 
under mature gum producing trees. Those who have limited land resources 
follow crop rotation by cropping part of the land and leave the rest under 
grass fallow. 
 
Over the years, smallholders in the study area have adopted several survival 
strategies, composing of (1) subsistence food production of mainly millet and 
sorghum (2) cash crops for sale, mainly sesame, groundnut, roselle, field 
water melon, Okra, gum Arabic and other non-wood forest products, and (3) 
off-farm income generating activities during the dry season, such as gum 
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production and hired labor (Elmekki and Barker, 1993). These strategies 
however, have been distorted due to several environmental and economic 
consequences, including among others, recurrent droughts, policies regarding 
prices of cash crops and gum Arabic. Given the differences in farmer survival 
strategies and land tenure constraints with consequent social structures in the 
study area, further operational assessment of carbon and nutrient availability 
and management options should be carried out at small-scale levels such as 
the farm and village levels (Defoer et al., 2000; Defoer and Budelman, 2000). 
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CHAPTER VI 
CONCLUSION AND RECOMMENDATIONS 
 
Removal of tree components particularly Acacia senegal from the traditional bush-
fallow systems on the sandy soils of western Sudan is a major component of soil 
degradation that threaten the sustainability of the small holders farming systems in 
the region. The study demonstrated that better soil fertility was found beneath tree-
based systems compared to pure cropping suggesting high nutrient status and 
cycling that have been demonstrated to be very essential for crop production and 
yields. 
 
On the basis of good soil quality under tree-based systems it is suggested that 
whole-tree clearance of the study site does not only deprive the soil from OM 
which supply most important nutrients (N, P and S), but also leave it prone to wind 
and water erosion with consequent decline in productivity. Beside its ameliorative 
effects on soil fertility, trees can provide farmers with additional income from sale 
of gum Arabic during the dry seasons when crop production and yields are stumpy. 
 
Regardless of the interactions between trees and crops, intercropping of sorghum 
at low-tree density gave higher yields and total biomass than that of pure cropping. 
Not only this but also, even at high-tree density, there were no significant 
differences in yield and total biomass of both sorghum and roselle. Beside it yields 
diverse products (crops and gum), intercropping reduces risks of crop failure to 
farmers due to unpredicted climatic conditions in these semi-arid areas. In this 
study, this benefit was quite evident in the first cropping season when sorghum 
was complete failure and roselle produced low yields. Thus, the study indicated 
that the cultivation of a mixture of Acacia senegal and agricultural crops is more 
efficient than pure crops are, because the can have more than one product in the 
season, if one fails the others may salvage the farmer from losing the season. 
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The results also showed that nutrients inflows and outflows were significantly 
different among and within LMS. This reflects the differences in types of inputs 
entering and outputs leaving each system as a consequence of variability in crop 
types and level of management. Overall, the results showed that the majority of 
nutrients inputs and outputs pathways in the different LMS are tied to tree 
biomass, crop residues and grass, or a combination of them. Therefore, the study 
provided evidence that nutrient status and dynamic under the different LMS and 
especially OM is affected to some extent by cropping systems and cropping 
seasons. However, some of the improvements in the mineral status and 
consequently fertility under tree-based systems can strongly be related to biomass 
accumulation. 
 
The study revealed that gum tapping had insignificant contribution to both N and 
K inflows and outflows in tree-based systems. Furthermore, the contributions of 
crops roots and atmospheric deposition (wet and dry) to nutrients inflows were 
also insignificant. Hence, resource accumulations under tree-based systems in such 
extreme environment in general depends on tree density, type of crops as well as 
management, such as removal of whole or parts of the crop residues. It is 
suggested that further growth of crop production will depend considerably on 
appropriate combination of trees and crop types and on increased consumption of 
external inputs such as fertilizers and manure and to reduced negative interactions 
from trees.  
 
The land management systems under study were in general biologically and 
agronomically diverse. Expectedly, the resulting nutrient balances were also 
diverse. Moreover, all of these LMS can be regarded as low-input agricultural 
farming systems since there were no external inputs applied to them. Over three 
cropping seasons the balances of nutrients under study showed different pattern 
under the studied LMS.  
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The results of this study raise some concerns about land use sustainability of the 
sandy soils in North Kordofan, Sudan. Nutrient balance analysis of the nine LMS 
in the sandy soil indicated that land use sustainability of pure cropping is under 
threat from high negative balances of all nutrients under study. In these subsystems 
the major sources of nutrient inputs were crop roots and atmospheric depositions 
and those of the outputs were crop products and crop residues. However, nutrient 
losses from erosion were also considerable. Negative balances of C, N, P and K 
are of considerably more important concern, as the amounts were significant, 
particularly at average “most probable” balances and at high yields levels 
“pessimistic” balances. Certainly, continuation of pure cropping would threaten 
the sustainability of land productivity in the long run. Hence, means to adjust the 
balances of these nutrients should be sought after to sustain the long run 
productivity of the land. 
 
In intercropped systems, land use sustainability is under threats from high negative 
balances of P and K and to some extends C. At low yield levels “optimistic” 
balances, P balances are of considerable concerns for all intercropped roselle 
systems, but high yield levels “pessimistic” balances both P and K are of much 
great concerns in intercropped sorghum and roselle at both tree densities. 
 
Overall, the nutrient balances in all LMS were largely determined by the amount 
brought in by major input pathways and the amount removed by crop products and 
other losses pathways. 
 
At actual “average” yield levels and environmental conditions for the study site 
“most probable” negative balances for P and K were low and only in pure cropping 
and low-tree density systems. However, the amounts become significant when 
high yield levels were used “pessimistic” but also in systems at high-tree density. 
If such a condition continues both P and K would be depleted in the long run, 
posing a threat to long-term productivity of the land. Hence, means to adjust these 
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balances are needed to improve land use sustainability such as return and 
incorporation of crop residues, land tillage, application of animal and green 
manure, planting of leguminous crops and sensible use of micro-fertilization. 
 
This study applied a nutrient input and output balance analysis for the first time in 
Sudan. However, this is a merely diagnostic study and its results should be 
examined with caution, because of the number of assumptions involved in 
determining some of inputs and outputs pathways (biological N-fixation, leaching, 
erosion). Moreover, some important pathways were not considered such as 
gaseous losses, sedimentations and human excreta. 
 
Further research is needed to improve the understanding and to quantify long-term 
gains and/or losses and how these will be affected by the original nutrient stocks, 
climate and land utilization types, and management practices. This mainly because 
knowledge of the nutrient cycling characteristics of different land management 
systems will help in choosing management strategies to conserve and maintain the 
pertinent systems’ nutrients. 
 
The results of the study also underline the importance of careful application of the 
nutrient balances analysis for other land use systems. The incorporation of socio-
economic factors with biological data to diagnose and monitor soil degradation is 
of paramount importance. Moreover, the data obtained from such comprehensive 
studies can be used to tailor interventions to improve soil fertility in compliance to 
biophysical environments and the farmers’ socio-economic backgrounds.  
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Appendix I 
 
Experiment Layout 
 
   N ← 
 
CULTIVATED FIELDS 
 
Rep. I      Rep. II          Rep. III 
         _10m_           _10m_ 
LD+S  PG HD+G  LD+G PR HD+R PS HD+S PG 
-10m- 
LD+R HD+S PR LD+R HD+S PS LD+R PR LD+G
-10m 
HD+R PS LD+G LD+S PG HD+G LD+S HD+R HD+G
 
ACACIA SENEGAL PLANTATION 
 
 
 
 
Legend: 
 
LD = Low tree density (266 tree per ha.) 
HD= High tree density (433 tree per ha.) 
P= Pure crop 
S= sorghum 
R= Roselle 
G= Grasses 
 
 
 
 
 
 
 
 
202 
 
Appendix II 
 
Type of Grass Species in the Study Area and Percent Composition in Sample 
 
Latin Name Vernacular % Composition Cp% N% % P K% 
Cenchrus 
ciliaris 
Haskaneet Naim 36 1.68 0.27 0.2 0.83 
Cenchrus 
biflorus 
Haskaneet 
Khashin 
58 5.05 0.82 0.2 0.75 
Aristidia 
multapilis 
Gaw 2 2.43    
Brachiaria 
obtasiflora 
Um Chirr 2 2.42    
Euphorbia 
scordifolia 
Um libaina 2 2.42    
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Appendix III 
 
The interactions between land management systems and cropping seasons on 
nutrient inputs and outputs flows 
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Phosphorous output flows 
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Potassium input flows 
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PLATES 
 
 
 
 
 208
Plate 1. Acacia senegal intercropped with Roselle (LD+R) 
 
 
Plate 2. Acacia senegal intercropped with Roselle (HD+R) 
Plate 3.  Acacia senegal intercropped with sorghum (LD+S) 
 
 
Plate 4. Acacia senegal intercropped with Sorghum (HD+S) 
 
 
 
 
Plate 5. Pure Sorghum (PS) 
 
 
 
 
  
 
 
Plate 6. Pure roselle 
 
 
 
 
 
 
 
 
  
Plate 7. Acacia senegal with Grass (LD+G) 
 
 
Plate 8. Acacia senegal with Grass (HD+G) 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
